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X-ray Thomson scattering (XRTS) is the combination of elastic Raleigh scat-
tering and inelastic Compton scattering observed from high density systems us-
ing energetic probe energies at the keV x-ray level. Thermal x-ray probes have
historically been created by delivering 1014 − 1016 W/cm2 to a mid-Z metal foil
such as titanium using kilojoule-class lasers. An XRTS probe source must pro-
vide adequate photon numbers within a finite bandwidth in order to resolve
the elastic and inelastic scattering features. This thesis argues that the 4.75 keV
Heα spectral feature from a titanium hybrid x-pinch x-ray source driven in a
pulsed power circuit can satisfy these photon and bandwidth requirements and
function as an XRTS probe source. The arguments are supported through x-
ray diode and image plate photometric analysis for the titanium Heα feature.
As a proof of principle, scattering signals from cold, static materials have been
collected using the hybrid x-pinch as the probe source.
Two different experimental scattering arrangements were developed to col-
lect the weak scattered signals from room temperature targets. The hybrid x-
pinch was driven in the main current path of the Cornell Beam Research Ac-
celerator (COBRA) 1 MA pulsed power driver for both of these arrangements.
The first setup, Focused XRTS (FXRTS), used a spherically-bent germanium x-
ray optic to focus the probe photons collected from a titanium hybrid x-pinch
approximately 82 cm away, and focused them onto a 20 µm thick aluminum foil
scattering target. The FXRTS setup allowed the entire scattering experiment to
be spatially removed from the actual source location, thus lowering background
signals on the detectors. For the second scattering setup, Direct XRTS (DXRTS),
a new spectrometer was designed and built to function inside the main COBRA
vacuum chamber. The scattering setup functioned in a more traditional sense by
having the scattering target, 125 µm thick graphite, placed approximately 20 mm
away from the x-pinch x-ray source. Protection of the optics and background
noise shielding for the detectors were design challenges in the spectrometer.
For both experimental arrangements, the backscattered radiation was col-
lected using high-efficiency highly annealed pyrolytic graphite (HAPG) optics
and focused onto Fuji Biological Analysis Systems - Tritium type (BAS-TR) im-
age plate detectors. The noncollective FXRTS results from aluminum show the
importance of the ion-ion correlation factor within the total dynamic structure
factor and its strong dependence on scattering angle. The FXRTS results were
fit with theoretical scattering spectrums created using an XRTS subroutine in-
cluded in the SPECT3D spectral code suite. Unfortunately, the noncollective
DXRTS results from graphite were mixed with line and continuum radiation
from other sources that made detailed analysis impossible.
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CHAPTER 1
INTRODUCTION
1.1 X-ray Thomson Scattering History and Development
The study of dense matter by x-ray Thomson scattering (XRTS) schemes was
first suggested by Landen et al. regarding intertial confinement fusion (ICF)
experiments [1]. It was argued that this diagnostic, like optical Thomson scat-
tering schemes on low density plasmas, could provide measurements of tem-
perature, density, and ionization state in high density systems, inaccessible to
lower frequency probes, by spectrally resolving the elastic (Rayleigh) scatter-
ing from the inelastic scattering that would simultaneously be Compton and
Doppler shifted. The primary method suggested to create the intense source
of probe x-rays were kilojoule-class laser facilities, which would be capable of
converting the laser energy into x-ray photons by laser-plasma interaction using
high-Z foils such as vanadium.
Glenzer et al. [2] followed this theoretical work with the first experimental
scattering results from solid density beryllium using the 30 kJ Omega laser facil-
ity [3]. In this work, the Be target was heated via absorption of laser-produced
Rh L-shell emission. A secondary laser-plasma source was used to provide the
4.75 keV Heα line radiation from a Ti foil which served as the scattering probe.
A schematic diagram of the experiment is shown in Fig. 1.1.
The use of soft x-ray free electron lasers (FELs) in XRTS experiments was
initially explored by Riley et al. [4]. Proof-of-principle work using VUV FEL
radiation to probe dense plasmas was presented by Ho¨ll et al. [5] using the
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15 kJ to produce Rh L-shell
7 kJ to produce Ti Heα probe
Be target
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Ti layer
Au shield
Figure 1.1: Schematic of the first successful XRTS experiment performed on the
Omega laser facility. A thin rhodium layer was heated by 30 beams in order to
produce L-shell radiation that would penetrate and heat the beryllium cylinder
target. A titanium layer then provided the Heα probe photons created using 15
beams, 1 ns later. The gold foil shield restricted the view to only the scattered
photons from the heated beryllium target.
FLASH facility in Hamburg [6]. Using the same facility, Faustlin et al. were able
to observe femtosecond-scale electron dynamics in liquid hydrogen using XRTS
techniques [7].
To date, the majority of experimental scattering results have come from facil-
ities with access to kilojoule-class lasers, which are capable of producing x-ray
sources with the required brightness [8]. Since the initial results of Glenzer,
XRTS experiments have been performed primarily for equation of state (EOS)
studies, as diagnostic access to solid density materials under extreme compres-
sion (shock compression) is limited and the experimental data can be used to
resolve fundamental EOS questions relevant to ICF and the fields of materials
science and planetary science [9, 10, 11].
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In addition to the information on temperature, density and ionization state,
XRTS experiments can also shed light on other intrinsic properties such as con-
ductivity via plasmon dispersion and dampening [12]. These conductivity re-
sults can be used to develop new models and validate existing plasma physics
models for studying ICF conditions.
1.2 XRTS Limiting Factors
The primary limiting factor for any XRTS experiment is the probe source inten-
sity. The fraction of scattered photons from a scattering volume of thickness l
and density ne is given by
N f rac = ne l σt (1.1)
where σt is the Thomson scattering cross section (≈ 0.66 × 10−24 cm2). Approxi-
mating σt as ∼ 10−24 cm2 and assuming scattering from a solid density Al target
(ne ∼ 1024 cm−3) of thickness ∼ 10−3 cm yields a scattered fraction of 10−3 into
4pi sr or about 10−4 scattered photons per steradian. Further assuming an op-
timistic finite collection solid angle of order 10−2 sr ultimately yields a fraction
at the detector of 10−6. Simply put, whatever intensity of photons that can be
brought to bear onto the target will be reduced in intensity by a factor of 1 mil-
lion at the detector. If background noise constrained the experiment such that
no fewer than 106 photons could be detected, the required total fluence into the
scattering target would have to be ≥ 1012 photons. For an x-ray source, this is no
small feat as attested by the large laser facilities currently required to perform
an XRTS experiment.
The second hurdle to overcome is bandwidth, usually written as ∆E/E or
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∆λ/λ. The Compton shifted inelastic feature must be resolved from the unshifted
elastic feature in the probe spectrum in order to retrieve any useful diagnostic in-
formation beyond the mere presence of the target. The magnitude of the Comp-
ton shift is a function of probe energy and scattering angle. The noncollective
scattering regime, in which scattering from individual electrons is uncorrelated,
is characterized by large probe energies and large backscattering angles, pro-
ducing a relatively large Compton shift. Working in this regime, previous ex-
periments have found success when ∆E/E / 0.01. Thermal sources produced by
laser-foil interactions are capable of producing lines that meet this requirement
[8].
The collective scattering regime usually deals with weaker probe energies
and forward scattering (< 90◦) setups. The shifts in energy are also due to energy
transfer to and from plasmons (collective modes). This results in smaller energy
shifts and therefore a smaller bandwidth required to resolve at ∆E/E / 0.002
[9].
1.3 The X-pinch: A pulsed power x-ray source
This thesis is based on using a well-established Laboratory of Plasma Physics
(LPS) workhorse to function as the probe source in a noncollective XRTS exper-
iment: the x-pinch. The dynamics and photometric characteristics of the hybrid
x-pinch, a variant of the orginal 2-wire x-pinch, are explored in greater detail
in Sec. 2.2. Here, we wish to show that the previously established XRTS source
requirements can be met by the x-pinch using simple arguments based on pre-
vious research for the bandwidth requirement, and energy analysis performed
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on electrical diagnostics for the intensity requirement. These goals will require
some background on pulsed power and the associated diagnostics.
The bandwidth requirement for a noncollective XRTS source is easily met, as
the x-pinch “hotspot” is a thermal source which does produce copious amounts
of line radiation [13]. Temperatures and densities reported for laser-produced
thermal plasma sources are comparable to the observed temperatures and den-
sities found in x-pinch hotspots [14]. All scattering results collected and pre-
sented in this thesis are based on the thermally-produced Ti Heα spectral feature,
shown in Fig. 1.2. This feature consists of a resonance line centered near 4750 eV ,
an intercombination line centered near 4727 eV , and trailing Li-like satellites re-
sulting in a width of ∆E ≈ 50 eV for an overall bandwidth of ∆E/E ≈ 0.01. This
line is attractive to use as there exists a large amount of laser-produced x-ray
source XRTS experimental data which has established the line as a viable probe
[15, 16, 17, 18].
Figure 1.2: The Ti Heα spectrum from an x-pinch.
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To ensure the intensity requirement is met, the number of photons produced
within the bandwidth of interest must be measured. The next section details
such a measurement.
1.4 Pulsed Power Driven X-ray Source Efficiency
The requirement for large kilojoule-class laser facilities in XRTS experiments is
largely due to the relatively weak coupling efficiencies involved in the conver-
sion of laser light to x-ray probe photons. Laser-produced plasma x-ray source
characterization experiments by Matthews et al. on Ti disks using a range of
laser intensities and incident wavelengths estimated ∼ 1012 4.75 keV photons
per Joule of incident laser energy, roughly corresponding to .08% conversion
efficiency. Experiments performed on the 2 kJ Z-Beamlet laser at Sandia have
shown a ∼ 0.1% conversion efficiency from 527 nm light to 4.75 keV Ti Heα x-rays
[19].
The conversion efficiency of stored electrical energy to x-ray output from im-
ploding wire array loads driven by pulsed power machines such as the COrnell
Beam Research Accelerator (COBRA) has been reported to be between 10−15%
[20], though these yields were measured with a bolometer which has a wide
bandwidth response. In order to properly compare to laser-foil coupling stud-
ies, it is beneficial to estimate the conversion efficiency of the coupled electrical
energy into x-ray output for a given bandwidth for a hybrid x-pinch load on
COBRA. Before this analysis is presented, a brief introduction to pulsed power
circuits and a description of the diagnostics used in the analysis is in order. For
a more complete introduction to pulsed power the reader is referred to J. C.
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Martin on Pulsed Power [21].
1.4.1 Pulsed Power
Pulsed power is the collective term applied to circuits which function around
the act of storing energy over a long period (low power) then rapidly discharg-
ing over a relatively short period (high power). The research performed in the
Laboratory of Plasma Studies (LPS) is based solely upon plasmas created using
pulsed power techniques. Pulsed power machine complexity can range from
the fairly simple, such as parallel capacitive discharge circuits, to quite complex
orchestrations involving multi-stage Marx banks, intermediate storage capaci-
tors (ISC), laser-triggered switches and pulse forming lines (PFL). COBRA is an
example of the latter, capable of delivering 1 − 1.2 MA in about 100 ns in short
pulse mode or in about 200 ns in long pulse mode [22]. The X-Pinch (XP) ma-
chine is another pulsed power driver capable of delivering 450−500 kA in a 50 ns
short pulse or a 100 ns long pulse [23]. Computer-aided design (CAD) models
of these two drivers are shown in Fig. 1.3.
Figure 1.3: Pulsed power drivers used in LPS: COBRA (a) and XP (b).
The simplest example of a pulsed power circuit is the capacitive discharge
circuit shown in Fig. 1.4. Switch S 1 is first closed to allow the voltage source V0
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to charge the capacitor C1 through a resistance R1. This would be the low power
phase of the circuit operation typically occuring over several seconds. Once
fully charged, S 1 is opened and S 2 is closed allowingC1 to rapidly discharge into
Zload. This is the high power phase of circuit operation with discharge time scales
ranging from 10−9 seconds to 10−6 seconds, depending on load impedance, the
self-inductance of S 1, and the self-inductance and equivalent series resistance
(ESR) of C1. With these values known, the high power portion of the circuit can
be accurately modeled as an RLC series circuit [24]. The maximum voltage this
type of circuit can deliver is typically limited to . 100 kV due to the dielectric
strength of the capacitor.
+
−V1
S 1 R1
C1
S 2
Zload
Figure 1.4: A simple capacitive discharge circuit.
The voltage limitations of a single capacitor discharge circuit can be over-
come with the use of a Marx bank configuration. A Marx bank circuit consists
of N capacitors charged in parallel to a voltage V0 and then discharged in series,
resulting in an output voltage of ≈ NV0. A simple 3-stage Marx bank circuit is
depicted in Fig. 1.5. Initially, all the switches are open allowing the capacitors
to charge in parallel to V0. The first stage switch S 1 is typically triggered with
a high voltage pulse from a separate generator. When S 1 is fully closed, a po-
tential of ≈ 2V0 will appear across S 2, causing it to break down. This cascading
process (referred to as “erection”) will continue down the line to each of the N
stages until all of the switches are closed, resulting in a final voltage of ≈ NV0 at
the output.
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Figure 1.5: 3-stage Marx bank circuit.
A fully erect Marx bank is highly inductive (high impedance), leading to low
current rise times (relatively low output power). In practice, most Marx banks
are coupled to intermediate storage capacitors which feed into pulse forming
lines, which can have much lower output impedances resulting in higher power
delivered to a given load. A simplified equivalent circuit is shown in Fig. 1.6
which is a closer representation to the pulsed power drivers currently used in
the research done by LPS.
Cmarx
Lmarx Rmarx
Cisc
S 1 PFL S 2
Cpeak
Lload
Rload
Figure 1.6: Equivalent circuit example of a Marx-based pulsed power driver.
The Marx banks on COBRA (32 × 1.3 µF capacitors) are typically charged to
70 kV , resulting in approximately 100 kJ of stored energy. During a shot, much
of this energy is lost through the switches and through the deionized water di-
electric of the ISCs and the PFLs on the way to the load region. Consequently,
only a fraction of this stored energy is actually delivered to a given load. This
energy can be estimated with the load voltage V and load current I signals re-
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covered using the voltage and current diagnostics on COBRA.
1.4.2 Current and Voltage Diagnostics
Large currents at high voltages are most easily measured through the use of
inductive sensors, such as Rogowski coils and B˙-probes (pronounced “B-dot”)
[25]. Inductive sensors function in accordance with Faraday’s Law [26]:∮
c
E · dl = − d
dt
∫
s
B · da (1.2)
When magnetic field penetrates a closed conducting loop, a voltage is induced
on the loop that is proportional to the time rate of change of flux penetrating the
loop.
Vc = I˙
µ0NAl
2piR
I
B
Al
R
Figure 1.7: Rogowski coil.
A Rogowski coil (Fig. 1.7) is a series of N loops of area Al wound around
a torus of major radius R which completely encircles a current I. For a non-
integrating Rogowski coil, the voltage induced in the coil Vc is proportional to I˙
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and must be integrated to obtain the load current:
I =
∫
I˙dt =
2piR
µ0NA
∫
Vcdt (1.3)
A non-integrating coil is currently employed on COBRA.
Figure 1.8: Current (I˙ in blue, I in black) and voltage (red) signals from a COBRA
shot with an x-pinch load. The vertical dashed black line represents the time of
peak x-pinch emission.
Voltages at the load are determined with an inductive voltage monitor on
COBRA. The inductive voltage monitor is simply a long, thin conducting wire
of known inductance Lw that connects the base of the cathode with ground. A
small fraction of the time-varying load current flows down this conductor which
creates a time-varying magnetic field that is measured at a radial distance R with
a B˙-probe. The B˙-probe is a simple conducting loop of area A that lies normal
to the direction of the magnetic field being measured. In other words, an N = 1
non-integrating Rogowski coil. The inductive voltage established in the probe,
Vp, is related to the actual load voltage (ignoring resistive loss in the conductor)
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viz.
V = Lw I˙ = Lw
2piR
µ0A
Vp (1.4)
Examples of the current and voltage monitor signals are presented in Fig. 1.8.
X-pinch loads on COBRA tend to induce a characteristic ≈ 2 ns ringing down the
voltage monitor line at pinch time due to the large and rapid voltage changes
created by the collapse of the pinch. This limits the accuracy of any voltage
based signal analysis for times after the first x-ray burst. Therefore the energy
analysis will only be attempted for times leading up to the initial x-ray burst
and multiple following bursts, if they exist, will not be included.
1.4.3 Photoconducting Diode X-ray Diagnostic
The x-ray emission from a COBRA experiment is typically monitored with dia-
mond photoconducting diodes (PCD) [27]. Ionizing radiation from the x-pinch
liberates electrons within the diamond insulator (3mm × 1mm × 0.5mm), which
is biased at ≈ 300 V . The current that subsquently flows is proportional to the
incident photon power and the applied bias voltage. The PCD voltage signals
are recorded by a 1GHz Tektronix digital oscilloscope. Filters of various Z and
thickness are often used to limit the incident bandwidth and the response of the
PCD.
The PCDs currently in use did have experimentally determined responses,
but unfortunately, those individual responses have been mixed and/or lost over
time. However, all of the PCDs in question have responses of order 10−4 A/W.
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Therefore, it is sufficient for the x-pinch efficiency analysis to assume this PCD
response. This response translates to about 200 W/V when measured across a
50 Ω impedance.
1.4.4 Coupled Electrical Energy Estimation Technique
The measured voltage term in Eqn. 1.4 is comprised of three source terms par-
ticular to the load:
V = IR + IL˙ + I˙L. (1.5)
The total inductance L is actually Lconv+Lload where Lconv is due to the physical
attachment location of the voltage probe which “sees” about 10 nH of convolute
feed. Lload is estimated (for a hybrid x-pinch) to be about 11 nH giving a total
value of 21 nH for L. Equation 1.5 can be further simplified to two terms by
considering the load impedance as Z = R + L˙:
V = IZ + I˙L (1.6)
The electrical power delivered to the load is determined by mutliplying Eqn. 1.6
with the load current:
P = I V = I2Z + I I˙L (1.7)
The first term in Eqn. 1.7 represents the rate of energy deposition into the load.
This is energy that couples to the load either through joule heating, or through
the work done by the azimuthal magnetic field as it compresses the plasma, i.e.
I2 L˙. The kinetic energy gained by the imploding plasma eventually thermal-
izes through collision processes as the implosion proceeds [28] (see Sec. 2.1).
The second term in Eqn. 1.7 is the rate of energy storage in the magnetic field
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and does not directly contribute to the conversion of electrical energy to x-ray
energy.
The energy that is directly coupled to the load, E′, can be obtained by rear-
ranging Eqn. 1.7 and then integrating up to the time of interest, which in this
case would be the time of the x-ray burst from an x-pinch
E′ =
∫ t
0
I2Z dt =
∫ t
0
(IV − I I˙L) dt (1.8)
The total electrical energy delivered to the load, E, can similarly be found by
directly integrating Eqn. 1.7 up to the same time point.
1.4.5 X-ray Output Energy Estimation Technique
The filtered PCD signal can be used, along with some assumptions about the
spectral characteristics of the Ti x-pinch burst, to make an estimate of x-ray en-
ergy output. The spectral characteristic assumptions are made with the aid of
FLYCHK, a generalized population kinetics and spectral model code suite [29].
Experimentally determined plasma parameters for a Ti x-pinch (Te ≈ 1.2 keV ,
ne ≈ 1023 cm−3, see Ref. [30]) are used in the collisional-radiative (non-LTE)
model to calculate a spectral output. The FLYCHK results are shown in Fig. 1.9.
The PCD used for this analysis was filtered with 50µm thick Ti. The trans-
mission curve for this thickness of Ti is shown as the green trace in Fig. 1.9. The
majority of the strongest emission occurs inside the Ti transmission window
with the dominant feature being the Ti Heα line consisting of the resonance, in-
tercombination and Li-like satellite lines (see Fig. 1.2). The addition of the filter
ensures that the majority of the signal recorded by the PCD is due to the Ti probe
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Figure 1.9: FLYCHK-produced plot of Ti emission spectra (black) with overlaid
(green) 50µm Ti filter transmission. The location of the Ti Heα resonance transi-
tion at 4.75 keV is denoted with the dashed red line.
feature of interest, lending this energy estimation technique more accuracy. The
thickness of the Ti filter used limits the overall transmission through to the PCD
to about 10%.
With reasonable assurance that the PCD is primarily responding to the band-
width of interest, the PCD response (ηpcd ≈ 200 W/V) can now be multiplied by
the voltage signal (Vpcd) and then integrated over the FWHM of the x-pinch
burst, taking into account the fractional solid angle that the PCD subtends (Ω)
and filter attenuation (κ), to get an energy estimate. The x-pinch energy into 4pi
is given by
Eγ =
Ω
κ
∫
f whm
ηpcdVpcd dt ≈ Ω
κ
ηpcd Vmaxpcd ∆τx (1.9)
where the peak pcd voltage Vmaxpcd is used, and an average Ti x-pinch burst dura-
tion ∆τx determined a posteriori (see Ref. [31]) is substituted for simplification.
15
Since Eγ has units of joules and the photons from the Ti Heα feature are order
103 eV in energy, a simple order-of-magnitude photon count can be made by
multiplying by a factor of 1016:
N ∼ Eγ × 1016 (1.10)
1.4.6 Conversion Efficiency Analysis and Photometrics
With the required analysis tools established and in place, a conversion efficiency
based on the ratio of the emitted x-ray energy to the coupled electrical energy
can be calculated:
η =
Eγ
E′
(1.11)
Figure 1.10: The total electrical power delivered, IV (red dashed trace) and the
coupled electrical power, I2Z (red trace), for a Ti hybrid x-pinch driven by the
full COBRA current pulse (black trace) and the measured PCD signal voltage
(blue trace) filtered with 50µm of Ti.
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Shown in Fig. 1.10 are the results of the previously described analysis ap-
plied to a COBRA shot with a Ti hybrid x-pinch as the main load. The total
electrical power delivered to the load (red dashed trace) peaks around 110 GW
which integrates to approximately 1.5 kJ of total delivered energy. The coupled
power, I2Z = IV − I I˙L (red solid trace) peaks at approximately 20 GW which
integrates to about 477 J up to the time of the x-pinch burst.
The PCD voltage (blue trace) peaks near 14V which converts to about 2.8 kW
of radiated power. Using values of ∆τx = 0.5 ns, Ω = 105, and κ = 0.1 in Eqn. 1.9
yields approximately 1.4 J of radiated energy or roughly 1016 Ti Heα photons
into 4pi sr
These energy values indicate a conversion efficiency of ≈ 0.3% or about 1013
photons per joule of coupled energy. In this particular shots total energy ac-
count, of the 100 kJ of stored energy in the capacitor banks, only about 1.5%
actually made it to the load in the time of interest, with the rest being lost to
“overhead” in the pulsed power network. Of this fraction, only about about 30%
coupled to the load through joule heating or implosion kinetic energy through
I2L˙. Only about 0.3% of this coupled fraction was actually converted to x-ray
output that was transmitted through the filter window, of which the majority
was assumed to be from the Heα feature.
This analysis scheme was performed on a shot series of 5 , 140µm diameter Ti
hybrid x-pinch loads on COBRA. Precision in the setup was given extra care in
order to be as reproducible as possible from one shot to the next. The results of
this study are presented in Table 1.1. The first column holds the shot number, the
second column holds the total electrical energy E, the third holds the coupled
electrical energy E′, the fourth holds the emitted x-ray energy Eγ, the fifth holds
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the conversion ratio η and the sixth and final column holds the estimated photon
count N.
Shot # E E′ Eγ η N
3300 1887 648 2.4 0.4 2.4 × 1016
3301 1299 424 3.9 0.9 3.9 × 1016
3303 1054 413 3.3 0.8 3.3 × 1016
3305 1585 477 1.4 0.3 1.4 × 1016
3306 2055 534 1.7 0.3 1.7 × 1016
Average 1576 499 2.5 0.5 2.5 × 1016
Table 1.1: Ti hybrid x-pinch efficiency on COBRA. All energies have units of
joules, η is a percentage and N is photons emitted into 4pi.
Despite the attention to detail in the initial setup of each of these hybrid x-
pinch experiments, large variation exists in all categories over this small sample
size. There are numerous contributing factors from both the pulsed power ma-
chine performance side and the actual x-pinch dynamics side which are not dis-
cussed in this thesis further. All x-pinches are inherently random in nature, and
the hybrid x-pinch is no exception, which means seemingly small experimental
variations can lead to large variations in output. An example of an unknown
variable is the quality of the electrical contact between the hybrid electrode and
the Ti fine wire, which is completely ignored in most hybrid x-pinch setups.
Nonetheless, it can be taken from this rudimentary analysis that a hybrid
x-pinch on COBRA can potentially be used as a Ti Heα probe source in an XRTS
experiment, with coupling efficiencies and corresponding photon counts that
are similar to those experiments reported earlier that have led to successful scat-
tering experiments. A more detailed method of photometric estimation using
image plates is also presented in Sec. 2.6 which gives good agreement with the
previous analysis.
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CHAPTER 2
THE X-PINCH X-RAY SOURCE
2.1 Z-pinch Introduction
Imploding wire array z-pinches on pulsed-power drivers are currently the
brightest x-ray sources in the world, able to convert about 10−15% of the stored
electrical energy into soft x-rays between 1 and 10 keV [32, 33, 34, 35]. The typ-
ical z-pinch experiment for the purpose of x-ray production usually involves
a cylindrical arrangement of fine wires bridging the anode and cathode of a
current driver (Fig. 2.1a). As current heats the individual wires, the resistivity
increases rapidly leading to a large potential difference across the wires. Eventu-
ally, desorbed gas or the vapor of the wire material near the wire surface breaks
down and plasma forms, resulting in a warm, high-density liquid-solid core
surrounded by a hot, low-density coronal plasma. The global J × B force then
pushes ablated coronal plasma (Fig. 2.1b) from the initial wire locations towards
the geometric center of the array where it thermalizes and compresses into a ra-
diating column of plasma. This current carrying plasma column (Fig. 2.1c) is
susceptible to m = 0 and m = 1 (“sausage” and “kink”) instabilities which oc-
cur randomly along its entire length with the former mode being more common
[36]. This is a highly simplistic explanation that ignores the very real problems
of trailing mass and current in the ablation streams and the effects of magneto-
Rayleigh-Taylor (mRT) instability. The most intense x-ray emission originates
from so called “hotspots” that form in the necks of these m = 0 instabilities [37].
The mechanism thought to be responsible for the creation of the hotspots and
the intense x-ray burst is known as radiative collapse. The density-dependent
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Figure 2.1: (a) Standard wire array example. (b) Ablated wire material is forced
to geometric center by J×B. (c) Unstable plasma column with m = 0 (right) and
m = 1 (left) instability modes.
rate of radiative cooling in the optically thin plasma neck volume is greater than
the ohmic heating rate, which combined with the magnetic field pressure out-
side allows the neck to further compress resulting in a higher density and conse-
quently higher radiative cooling rate. This feedback process continues rapidly
until the plasma density within a very small region (∼ 1 µm) becomes optically
thick to any ∼ 1 keV radiation trying to escape resulting in energy being increas-
ingly directed into a volume with the only relaxation method to remove it be-
ing black body radiation from the increasingly shrinking surface area. At some
point and due to an as yet to be determined instability process, the small volume
ruptures and explosively disassembles releasing a massive burst of continuum
radiation on a picosecond timescale [38]. The immediate region surrounding the
hotspot will generally be cooler resulting in copious amounts of line radiation
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that can have longer emission lifetimes up to ∼ 1 ns. The hotspots are generally
about 1 µm in diameter with electron densities & 1023 cm−3 and electron temper-
atures at or above 1 keV [39, 40].
2.2 X-pinch Introduction
As stated previously, the hotspots will form randomly all along the pinch col-
umn and collectively within a span of 1 − 50 ns depending on implosion time
and array mass [41, 20, 42]. The random location makes detailed study difficult.
The “X”-pinch was introduced to combat this location uncertainty. An x-pinch
is easily made by joining an anode and cathode by two parallel fine wires and
then twisting the anode or cathode by > 180◦ (Fig. 2.2).
twist > 180◦
Figure 2.2: An x-pinch is constructed by joining 2 fine wires in parallel across an
anode-cathode gap and then twisting > 180◦.
The first data on a two-wire x-pinch was published in 1982 by Zakharov et al
[43]. The “X” configuration provided a favorable low pressure region above and
below the meeting point of the two wires for plasma out-flow. In doing this, the
pinch region would be localized to the crossing point of the wires and remove
some of the uncertainty in pinch location for the alignment of the diagnostics.
Figure 2.3 is a series of radiographs of the pinching process of an x-pinch taken
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with the aid of a second x-pinch providing the imaging continuum burst. The
left-most image clearly depicts the ∼ 300 − 400 µm tall cylindrical pinch column
that is only starting to show signs of the m = 0 instability mode. The right-most
image captures the final moment of the radiative collapse process just before the
x-ray burst and rapid disassembly of the plasma column [44].
time
time
Figure 2.3: A sequence of radiographs depicting the neck formation and pinch-
ing of an x-pinch at the crossing point.
In addition to the short, thermal x-ray burst from the hotspot, large induc-
tive voltages that form across the disassembled neck can produce high energy
electron beams. An example radiograph of one of these gaps forming approx-
imately 300 ps after the thermal x-ray burst is show in Fig. 2.4. The acceler-
ated electrons collide with the dense plasma on the anode side and produce
brehmsstrahlung photons with measured energies ranging from 10 − 60 keV
and durations from 1 − 2 ns [45].
2.3 X-pinch Applications
2.3.1 Imaging
The rapid and bright x-ray continuum burst from the x-pinch lends itself well
to broadband x-ray backlighter imaging of dense plasmas allowing highly ac-
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Figure 2.4: Gap formation after the thermal x-ray burst. Hard x-ray
brehmsstrahlung photons can be created from the electron beam.
curate measurements of areal density to be made [46, 47, 48]. The technique
of x-ray backlighting is based on absorption contrast imaging. As a ray moves
through a material, its initial intensity is reduced by absorption along the path
based on the Beer-Lambert law:
I(x) = I0e−µx (2.1)
where I0 and x are the initial beam intensity and the distance traveled through
the material. The variable µ is known as the linear attenuation coefficient and
essentially describes how well the material absorbs per unit length.
In addition to broadband backlighting, x-ray monochromators can be used
to select a small bandwidth of the transmitted radiation through the imaged
object and focus it to a detector. The monochromator can also select the probe
bandwidth first and then focus through the imaged object to the detector. This
technique is known as monochromatic or quasimonochromatic x-ray backlight-
ing, depending on the experimental details [49, 50].
A third x-pinch backlight imaging technique is known as phase contrast imag-
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ing which exploits the small variations in the index of refraction, n = 1 − δ, to
sharpen the edges of an object through wave front interference. This technique
requires the source to have high spatial (or transverse) coherence due to the
very small deviations of the indices of refraction from unity, i.e. δ << 1. The
micron-scale source size of the hotspot makes this possible [51, 52]. Shown in
Fig. 2.5 are comparisons of the absorption contrast and phase contrast imaging
techniques applied to a small biological sample.
(a) absorption contrast (b) phase contrast
Figure 2.5: (a) Absorption contrast imaging of a spider which relies on mass
attenuation of the x-rays through the specimen. (b) Phase contrast imaging of
the same spider which relies on wavefront interference revealing sharper details
inside the leg joints and abdomen.
2.3.2 X-ray Absorption Spectroscopy
The characteristic uniform broadband burst associated with the Molybdenum
x-pinch has also made an excellent diagnostic source for x-ray absorption spec-
troscopy allowing subnanosecond measurements of density and temperature in
warm dense matter experiments [53].
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2.4 X-pinch Variants
In the search for better reproducibility and performance, the original 2-wire x-
pinch evolved into multi-wire (4 − 12 wires, Fig. 2.6(a)) and “nested” x-pinches
[54, 55]. By adding more wires, the J × B force gains better initial inward radial
symmetry which helps to further localize the hotspot. The nested x-pinch con-
struction involves coaxially layering different wire materials around a central
thick wire as shown in Fig. 2.6(b). For instance, the red central wire could be
25.4 µm NiCr, the blue layer could be six 20.3 µm Mo wires, and the green outer
layer could be twelve 17.6 µm W wires, as was used in Ref. [56].
(a) (b)
Figure 2.6: (a) Multiwire x-pinch. (b) Color-coded nested x-pinch with view of
the densely packed twist-point cross section.
The hybrid x-pinch (see Fig. 2.7) is the latest x-pinch redesign which incor-
porates solid electrodes that are drilled out along their axis to accept a fine wire
passed through the middle [57]. The electrode ends nearest the pinch point are
machined to 30◦ relative to the pinch axis, similar to the angle of the original
x-pinch legs. The gap spacing between the anode electrode and cathode elec-
trode is typically 0.5 − 2mm, depending on the driver parameters. There are
numerous benefits to this configuration. The setup is much less complicated
and time consuming than arranging a multiwire x-pinch, only requiring a sin-
gle wire to be placed and electrode gap to be set. Generally, the electrodes are
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reusable over many shots, only requiring a polishing or a quick remachining on
a lathe. The x-pinch dynamics are similar to the standard x-pinches with respect
to hotspot formation and thermal x-ray burst duration [58]. An added benefit
of the hybrid x-pinch is the absence of strong electron beam formation which is
due to the electrode plasma closing the gap shortly after the thermal burst and
dissociation, thereby minimizing any potential for electron acceleration.
0.5 − 2mm gap
CuW electrodes
Figure 2.7: The hybrid x-pinch is composed of two CuW electrodes bridged by
a fine wire. The top electrode is cut away to show the wire feed-through hole.
2.5 XRTS Source Requirements
X-ray Thomson scattering experiments have historically and predominantly
been achieved at large facilities with laser-produced plasma x-ray sources where
kilo-Joules of laser energy are converted to x-ray probe radiation [3].
Two types of x-ray emission can occur with laser-plasma sources depend-
ing on the pulse-width of the laser. Thermal x-ray sources which can emit Heα
and Lyα radiation are created with relatively longer pulse widths in the range
0.1 − 1ns [14]. The typical laser intensities required for optimum conversion ef-
ficiency for thermal x-ray sources is 1014 − 1016W/cm2. The second type of x-ray
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radiation from laser-plasma interactions requires a short-pulse (. 10−13s) to cre-
ate fast electrons that can create relatively cold Kα characteristic radiation from
inner-shell transitions [59]. Laser intensities > 1016W/cm2 are required to effec-
tively drive this process. Both of these types of radiation sources have been
successfully used in XRTS experiments [10, 60].
Stringent bandwidth requirements have been determined for an x-ray source
to function as an x-ray Thomson scattering probe source in both the collective
and noncollective scattering regimes [8, 61, 62]. When probe photons undergo
Compton scattering in the dense plasma they are downshifted in energy by an
amount determined by the scattering angle, θ, and the incident probe energy,
E0:
EC =
~2k2
2me
(2.2)
where
k = |k| = 4piE0
hc
sin(θ/2) (2.3)
This downshifted spectral feature is referred to as the inelastic or Compton
feature. If the width of the spectral line being used for the probe is wider than
E0 − EC, then resolving the inelastic scattered feature will be difficult when con-
sidering Doppler broadening effects that will additionally widen the Compton
feature. A spectral bandwidth of /1% has been shown to be suitable for non-
collective XRTS experiments which are characterized by large backscattering
angles and high probe energies providing a large Compton shift.
The largest restriction in any XRTS experiment is the number of x-ray probe
photons, N, able to be produced into 4pi steradian within the spectral band-
width. Only a small fraction of these photons will intercept the scattering vol-
ume which subtends some solid angle, Ωtrgt ≈ 0.001 − 0.1 steradian. Typical
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numbers from the literature for N from laser-produced plasma x-ray sources
into the scattering volume range from 1011 − 1015 [1, 10, 8]. The author can find
no previously determined hard lower limit on N that would result in no scat-
tered x-ray signal from a target near solid density. This is ultimately determined
by collection efficiency, detector sensitivity and background levels, all of which
vary from experiment to experiment.
2.5.1 Laser-produced Plasma Source Brightness Example
The 4.75keV Ti Heα spectral feature produced from thermal laser-produced
plasma x-ray sources has been successfully used in noncollective XRTS experi-
ments in the past [2, 18, 16]. An example calculation of the brightness of such
a thermal source is derived by Glenzer et al. in [8]. The authors assume a con-
version efficiency of ≈ 0.4% into a bandwidth of ∆E/E = 0.5% based on a 1kJ
laser pulse of 100ps and intensity of 1015W/cm2 onto 1mm2. This yields approxi-
mately 1015 photons into 4pi steradian, resulting in a brightness (or brilliance) of
≈ 1018 photons/s/mm2/mrad2/0.5%BW.
2.6 Hybrid X-pinch Source Brightness and Photometrics
The abundance of experimental laser-produced x-ray source XRTS data using
the Ti Heα line and the detailed study of the Ti x-pinch by numerous authors
within the Laboratory of Plasma Studies makes it an ideal candidate for de-
velopment as a new XRTS probe source. The problem is to determine if the
thermal Ti Heα line radiation produced from an x-pinch is bright enough. Sim-
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ply determining a photon count may seem sufficient. However, source size and
burst duration could be important in future XRTS studies involving the hybrid
x-pinch, as these may affect the experimental spatial and temporal resolution
achievable in the scattering experiment. Since these values have been measured
for Ti x-pinches by numerous authors, we can readily use them in the brightness
calculation [51, 63, 38].
The brightness measurement scheme involves focusing the Ti Heα line us-
ing a perfect, spherically-bent Ge(400) monochromator onto an SR or TR image
plate and then using the image plate response, ηip, (which must include the mag-
nification factor due to the spherically-bent optic and the attenuation due to any
filtering) to convert to photons. Knowing the x-ray burst duration, τsrc (s), the x-
ray source size area, Asrc (mm2), the throughput efficiency of the x-ray optic, Ωopt
(mrad2), and the relative bandwidth of the chosen line (% BW) is enough to con-
vert to units of brightness to compare with the previous calculation of Glenzer.
A model of the experiment arrangement is shown in Fig. 2.8.
Brightness =
ηip
τsrc Asrc Ωopt 0.5%BW
→
[
photons
]
[s]
[
mm2
] [
mrad2
]
[%BW]
(2.4)
The synchrotron community has arbitrarily settled on the convention of
0.1%BW for their brightness calculations due to their ability to select contin-
uum radiation with perfect, flat monochromators from the beamline instead of
thermal line radiation. The width of the Ti Heα resonance line is approximately
24eV at a central energy of 4750eV, giving a bandwidth of ≈ 0.5%.
The following brightness analysis is based on a single 100µm Ti hybrid x-
pinch in the main current path (1MA peak current) on COBRA. A spherically-
bent Ge(400) x-ray optic was placed 82cm away from the source which focused
the collected spectrum onto a TR-type image plate filtered with 20µm of alu-
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τsrc, Asrc
Ωopt
ηip
Figure 2.8: A spherically-bent Ge(400) x-ray optic collects light from an x-pinch
and focuses it onto an image plate.
Figure 2.9: (a) Ti Heα spectrum with indicated resonance (Res), intercombination
(Int) and satellite (Sat) features. (b) Intensity profile in units of photo-stimulated
luminescence (PSL). The red region indicates a 0.5% bandwidth.
minum. The collected spectrum is shown in Fig. 2.9(a). An intensity profile
taken across the spectrum is shown in Fig. 2.9(b). The original 16-bit grayscale
intensity units have been converted to photo-stimulated luminescence (PSL)
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units (see Ch. 4) according to
PS L =
( R
100
)2 (4000
S
)
10L
[
G
2B−1−
1
2
]
(2.5)
where R, S, L, G, and B are the scan resolution (25 µm), scanner sensitivity (1000),
scanner latitude (5), original grayscale value and bit value (16), respectively [64].
The 0.5%BW region (red area under intensity profile curve) covers approx-
imately 9 × 105 µm2 on the scanned image plate. This is the entire resonance
line of the Ti Heα feature. From the intensity profile, the FWHM value is near
1.5 PSL. Taking this as the average for a single pixel translates to a total area
PSL value of about 2 × 103 when we consider 625 µm2/px. The source diameter
and burst duration are estimated to be no larger than 25 µm and no longer than
500 ps [63].
The source diameter converts to an area of approximately 490 µm2
(0.00049 mm2). The ratio of the area of the resonance line to the source area
indicates a magnification factor of approximately 1 × 103. The 20 µm thick Al
filter only transmits about 30% of the photons through. Combining these fac-
tors with the 2.5 PSL per x-ray photon response of the TR-type plate results in a
total of approximately 2.6×109 photons being focused by the Ge(400) optic. The
collection solid angle was estimated to be around 10−6 sr (1 mrad2) (see Sec. 3.7).
Plugging these values into Eqn. 2.4 yields a brightness value of ≈
1022 photons/s/mm2/mrad2/0.5%BW. This value is 4 orders larger than that re-
ported by Glenzer for the laser-produced x-ray source. The amount of photons
produced by the x-pinch within the 0.5% BW is about 2 × 1015 photons/sr or
about 2.5×1016 photons into 4pi. This gives good agreement with the PCD-based
photometric estimates from Sec. 1.4.6.
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CHAPTER 3
X-RAY OPTICS
3.1 Introduction
In 1913, W. L. Bragg and W. H. Bragg (son and father, respectively) published
their findings on the reflections of x-rays from crystals [65]. In the years since,
x-ray spectroscopists have utilized the Braggs’ discovery to their advantage by
employing crystals of various makeup for the purpose of collecting the emitted
x-ray spectra from a plasma and using this information diagnostically to gain an
understanding of the physics of the plasma [66][67]. The crystals can range from
quite expensive to relatively cheap, depending on material and quality. For
instance, we commonly bond cheap, thin mica or KAP (potassium acid phthalate)
to our own custom built subtrates or optical-quality substrates purchased from
an optics manufacturer. In most cases, these custom-built optics are of excellent
spectral quality, allowing us to collect high-quality data. Their imaging quality
is usually not exceptional due to the imprecise nature of the bonding process
we employ. We have also purchased x-ray optics of quartz and germanium
from optics manufacturers such as Inrad Optics. These optics are much more
expensive, but their spectral and imaging quality are both superb.
X-ray optics are relatively easy to place and align in an experiment on
COBRA (detailed in Ch.6), requiring only a small laser pointer and rota-
tion/translation stage. Care should be taken if the optic is close to a load that
can produce debris as this has the potential to render an expensive optic broken
and useless. A few layers of mylar or polypropylene placed between the optic
and the load will usually suffice. If one is unsure of the amount of debris the
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load can produce, a cheaper sacrificial optic should be used for the first few ex-
periments until a high degree of optic-survival confidence is attained, though
this is not an absolute guarantee of optic survival. If something can go wrong, it
will go wrong...
A full discussion of the physics of the reflection of x-rays from crystal struc-
tures is beyond the scope of this thesis. The following section will provide an
introduction to a few key concepts about crystals and Bragg’s Law. It will also
explain how the efficiency of an optic is determined along with certain focus-
ing and resolution details that will be referred to again in the x-ray Thomson
scattering experiments that follow in later chapters. The reader is referred to
any crystallography or solid state physics text for a thorough discussion of the
subject of Bragg diffraction [68].
3.2 Crystal Structure and Bragg Diffraction
Crystalline solids are characterized by a repeating ordered structure. The two
concepts needed to fully define the crystal are the lattice and the basis. The lattice
is a purely mathematical construct that can be defined as
L(r) =
∑
i
∑
j
∑
k
δ(r − Rijk) (3.1)
where
Rijk = ia + jb + kc (3.2)
The i, j, k coefficients are arbitrary integers and a,b, c are the primitive lattice
vectors that define a unit cell, i.e., |a · b × c| is the smallest repeatable volume
within the crystal. The basis is simply the smallest group of repeating atoms or
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molecules within the crystal, i.e., a unit cell’s worth of atoms. The basis atom
locations can be defined mathematically by
Γcell(r) =
∑
n
xna + ynb + znc (3.3)
where 0 ≤ xn, yn, zn ≤ 1 and the sum is over all atoms making up the basis. In a
geometric sense, the entire crystal can be constructed by copying and translating
the basis to each lattice point. This process of crystal construction (depicted in
Fig. 3.1) can be understood mathematically by convolving Eqn. 3.1 with Eqn.
3.3
Γ(r) = L(r) ⊗ Γcell(r)
=
∫ ∞
−∞
L(r1)Γcell(r − r1)dr1
=
∫ ∞
−∞
∑
i
∑
j
∑
k
δ(r1 − Ri jk)Γcell(r − r1)dr1
=
∑
i
∑
j
∑
k
∫ ∞
−∞
δ(r1 − Ri jk)Γcell(r − r1)dr1
=
∑
i
∑
j
∑
k
Γcell(r − Ri jk)
(3.4)
Lattice
a
b ⊗
Basis
=
Crystal
Figure 3.1: A 2-D example of crystal construction using a lattice and a basis.
The crystal can be understood mathematically as the convolution of basis with
lattice.
Due to the symmetry inherent in a crystal, families of parallel planes exist
throughout the lattice. A convenient notation exists to distinguish one family
of planes from another through the use of the so-called Miller indices, (h, k, l).
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Crystallographers and optics manufacturers will typically denote the crystal
makeup and indices together, e.g. Si(111). The indices are determined by find-
ing where along the individual lattice vectors the plane intercepts, taking the
inverse of these numbers, clearing the fractions and reducing to lowest terms.
For instance, the red plane in Fig. 3.2 intercepts the lattice vectors at 12 ,∞,∞
(planes parallel to lattice vectors intercept at ∞ ). The inverse of these numbers
are 2, 0, 0, thus this plane is denoted as the (200) plane. Planes which intercept at
negative values along an axis are indicated by a bar above the index, e.g.,(1¯00).
b
a
c
Figure 3.2: The (200) plane in red and the (110) plane in blue.
Reflection of x-rays from a lattice plane can occur for certain combinations
of wavelength (λ) and grazing incidence angle (θ) according to Bragg’s Law of
Diffraction:
mλ = 2dhkl sin θB (3.5)
where m and dhkl are the reflection order and lattice plane spacing, respectively.
Equation 3.5 can also be conveniently recast as
mλ = 2dhkl cos θn (3.6)
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where the normal incidence angle θn = 90◦ − θB is an experimentally easier vari-
able to verify and align.
In Fig. 3.3, radiation is incident upon a crystal plane at an angle, θb, that
satisfies Eqn. 3.5. A detector viewing the scattered radiation at the correspond-
ing angle of reflection will see constructive interference of the scattered waves
(shown in blue). Another detector observing at an angle of reflection that does
not equal the angle of incidence will detect nothing due to destructive interfer-
ence of the scattered wave (shown in red). In this manner, the crystal structure
acts as a monochromator as possibly many different wavelengths can be inci-
dent at the same angle, but only a specific wavelength will satisfy Eqn. 3.5. In
order to use a crystal for studying a particular wavelength of radiation, it fol-
lows from Eqn. 3.5 that 2d ≥ mλ.
dhkl
θb θb
Figure 3.3: Waves of proper wavelength and incidence angle will constructively
interfere when viewed at the Bragg angle while destructive interference will
result in no observed reflection if viewed off-angle.
Two particular crystals used extensively in this thesis are Ge(400) and HAPG
(highly annealed pyrolytic graphite)[69]. Germanium forms a diamond structure
which is a subset of the cubic structure. The d-spacing for cubic crystals is given
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by
dcubichkl =
a√
h2 + k2 + l2
(3.7)
where a = |a| = |b| = |c|. The graphite found in HAPG forms a hexagonal close-
packed structure (hcp) whose d-spacing is determined by
dhexhkl =
[
4
3a2
(h2 + hk + k2) +
l2
c2
]−1/2
(3.8)
where a = |a| , |c| = c. The details for the crystals relevant to this study are
presented in Table 3.1.
Table 3.1: Crystals used extensively.
Crystal Miller Indices a (Å) c (Å) 2d (Å)
Ge (400) 5.658 5.658 2.82
HAPG (002) 2.461 6.708 6.708
3.3 Reflectivity Profiles and Integrated Reflectivity
According to Eqn. 3.5, only photons of a single wavelength, λ, will be reflected
at a given incidence angle. In reality, there is an intrinsic reflection width due to
refraction, absorption and multiple scattering within the crystal which allows
reflections to occur that deviate slightly from θB by some small amount ±∆θ/2.
This reflection profile, R(θ), is referred to as the rocking curve or reflectivity curve
in the literature [70, 71]. It is measured experimentally by recording the reflected
intensity as a function of incidence angle as the crystal is rotated or “rocked”
through the Bragg condition as a highly collimated beam of photons impinges
the crystal surface.
The previous section defined crystalline structure as a perfect, ordered re-
peating lattice that fills all space. In practice, the macroscopic finite-sized crys-
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tals used for x-ray spectroscopy are rarely considered perfect across their en-
tire volume; they are usually interspersed with dislocations and voids. These
imperfections lead to wider and lower reflectivity curves. As an approxima-
tion, the rocking curve can be considered Gaussian in nature and therefore fully
defined by a peak reflectivity, R0, and a full-width at half-maximum (FWHM)
measurement across the rocking curve, ∆θrc.
(a)
−10 −5 0 5 10
ω
θ (mrad)
(b)
Figure 3.4: (a) Idealized model of imperfect or mosaic structure. (b) The crystal
is composed of tiny, perfect crystallites with randomized normal vectors that fit
a Gaussian distribution. The FWHM of this distribution is the mosaic spread of
the crystal.
Reflectivity profiles for perfect and imperfect crystals can also be calculated
using dynamical diffraction theory, as put forth by Darwin [72, 73] and kinematic
diffraction theory, respectively. The kinematic approximation (also known as
weak-scattering approximation) is a simpler theory which ignores multiple scat-
tering effects and assumes reflections take place from small, perfect crystallites
with random orientations throughout the crystal region as shown in Fig. 3.4a.
These types of crystals are known as mosaic crystals and have a defined mosaic-
ity or mosaic spread, ω, which is a measure of the angular spread of the nor-
mal vectors of the random crystallites (Fig. 3.4b). Calculations for curved crys-
tals, such as cylindrically or toroidally bent, involve using the finite-difference
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method to solve a system of hyperbolic partial differential equations known as
the Takagi-Taupin equations which are derived from Maxwell’s equations in a
deformed periodic medium [74].
Raytracing and x-ray optics programs such as SHADOW and X-ray OPtics
(XOP) are conventionally used to determine the optical properties of an x-ray
system [75, 76]. SHADOW/XOP contains many useful subroutines for numeri-
cally calculating the reflectivity profiles of flat and bent, perfect or mosaic, x-ray
optics. An example calculation is shown in Fig. 3.5 for a flat Quartz(100) and
spherically-bent Ge(400) optic.
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Figure 3.5: Example reflectivity profiles calculated by the XOP subroutine Xcrys-
tal.
A second, and experimentally more useful, characterization metric exists in
the form of the integrated reflectivity. Not surprisingly, it is obtained by integrat-
ing the reflectivity curve:
Rint =
∫ ∞
−∞
R(θ)dθ (3.9)
Rint has units of radians and can be used to determine the collection efficiency
of an x-ray optic in an experiment. Imperfect or mosaic crystals will have lower
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and wider rocking curves, but their Rint will generally be much greater than a
perfect crystal, leading to enhanced efficiency.
The upper and lower limits on integrated reflectivity can also be calculated
analytically using the kinematic and dynamical theories of diffraction. The Rint
of a real crystal will fall somewhere between these limits. Perfect, flat crystals
will be closer to the dynamical limit, RPint, while bent crystals will approach the
kinematic model limit, RMint. If the measured Rint is in good agreement with the
kinematic limit then the crystal can be considered ideally mosaic [77]. Thermal
corrections are sometimes included, but I have left them out for simplicity:
RPint =
8
3pi
λ2re|Fhkl|
vcsin(2θ)
(
1 + |cos(2θ)|
2
)
(3.10)
RMint =
1
2µ
λ3r2e |Fhkl|2
v2c sin(2θ)
(
1 + cos2(2θ)
2
)
(3.11)
Both models depend on a fundamental parameter, Fhkl, known as the crystal
structure factor which describes scattering from the electrons in a unit cell of
a crystal [78]. The variables λ and θ are the photon wavelength and the Bragg
angle. The parameter vc is the volume of the unit cell, i.e. |a·b×c|. The constant re
is the classical electron radius of 2.8179 × 10−15m. The variable µ only appears in
RMint and is the linear absorption coefficient (m
−1) for the crystal material. Plotted
in Fig. 3.6 are the RMint (red) and R
P
int (green) limits for a Ge(400) optic based on
Eqns. 3.10 and 3.11.
The XOP subroutine Xcrystal bent was used to numerically calculate an Rint ≈
1.67 × 10−4 rad using the Takagi-Taupin model based on the parameters of the
Ge(400) optic used in this study. The analytical solution from Eqn. 3.10 yields
an Rint ≈ 1.77 × 10−4 rad. The disagreement is ≈ 6%.
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Figure 3.6: The calculated upper and lower limits on integrated reflectivity for
a Ge(400) crystal.
3.4 Spherical Focusing
The horizontal (meridional, spectrally dispersive) and vertical (sagittal, non-
dispersive) focusing properties of spherically-bent x-ray optics can be deter-
mined using proper forms of the Gaussian thin lens approximation formula that
is commonly applied to optical lenses [79]:
1
ds
+
1
di
=
2
rh sin θ
=
1
fh
(3.12)
1
ds
+
1
di
=
2 sin θ
rv
=
1
fv
(3.13)
where ds is the source-to-optic distance, di is the optic-to-image distance, rc is
the crystal radius of curvature and f is the focal length. The subscripts v and
h denote the vertical (sagittal) and horizontal (meridional) planes, respectively.
For a spherically-bent optic, rh = rv.
Shown in Fig. 3.7 in red is another useful conceptual device commonly used
in x-ray spectroscopy known as the Rowland circle. The plane of the Rowland
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circle is not coincident with the plane of the image in this figure, making it
appear as an oval. It is a “focal circle” with diameter D = rh that is tangent
to the crystal surface at the point of reflection. If a monochromatic x-ray source
is placed on this circle, all x-rays that meet the Bragg criterion will be reflected
and focused symmetrically to an image point that also lies on the circle. For a
given crystal, every point on the Rowland circle corresponds to a different x-ray
wavelength.
Rowland circle
Focus
D = rh
θn
Source
Figure 3.7: The Rowland circle (dashed red) with a diameter equal to the hor-
izontal bend radius of the optic. For a point source placed on the circle, only
a single wavelength of radiation that satisfies Eqn. 3.6 will be symmetrically
focused to a point.
3.4.1 Astigmatism
Astigmatism occurs when fv , fh. For a spherically-bent optic, astigmatism can
generally be ignored for θb & 80◦ as demonstrated in Fig. 3.8. Toroidally-bent
crystals with properly chosen rh and rv can remove the astigmatism for angles
smaller than 80◦.
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Figure 3.8: The focal lengths in the horizontal and vertical directions as a func-
tion of incidence angle.
3.5 Mosaic Focusing
The collection of weak scattering signals is most easily done with highly effi-
cient, ideally mosaic optics such as HAPG which have fundamentally different
focusing properties than perfect crystals. A unique property demonstrated in
Fig. 3.9 is known as parafocusing [80]. When ds ≈ di, a photon from a suit-
ably divergent source can, on average, find a crystallite that satisfies the Bragg
condition within the bulk of the crystal volume. This allows spectral resolution
across a relatively large bandwidth, something that is not generally possible
when ds ≈ di when using a perfect crystal.
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Figure 3.9: An exaggerated model of the parafocusing effect observed in mosaic
crystals. When ds ≈ di, photons of the same energy can find crystallites aligned
along a specific Rowland arc, R ≈ ds2sin(θb) , within the bulk of the crystal that will
satisfy the Bragg condition.
3.6 Spectral Resolution
The energy resolution or bandwidth of a Bragg spectrometer can be derived
using Eqn. 3.5
λ =
2d
m
sin θ (3.14)
∆λ = λ′ − λ = 2d
m
[
sin θ′ − sin θ] (3.15)
where,
θ′ = θ + ∆θ (3.16)
Dividing Eqn. 3.15 by Eqn. 3.14 and substituting Eqn. 3.16
∆λ
λ
=
sin(θ + ∆θ) − sin θ
sin θ
(3.17)
Then using the definition of the derivative,
cos θ =
sin(θ + ∆θ) − sin θ
∆θ
(3.18)
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and allowing ∆θ to remain finite, Eqn. 3.17 becomes
∆λ
λ
≈ cos θ ∆θ
sin θ
=
∆θ
tan θ
(3.19)
Replacing ∆θ with the rocking curve FWHM, ∆θrc, yields the spectral resolu-
tion due to the intrinsic uncertainty of the crystal, ∆λrc/λ. For most perfect x-ray
optics, this value is typically 1 − 2 orders of magnitude smaller than the natural
width of a soft x-ray spectral line (∼ 10−3).
Geometric contributions can also significantly impact the total resolution
and in many cases will be the dominant blurring mechanism. Broadening due
to source size is determined by:
∆λsource
λ
≈ w
ds
1
tan θ
(3.20)
where w is the width of the source and ds is the source-to-optic distance. Broad-
ening due to penetration depth (volume diffraction) in the optic is determined
by:
∆λdepth
λ
≈ λmf p cos
2 θ
2di
(3.21)
where λmf p is the mean-free-path distance in the material and di is the detector-
to-optic distance. Depth broadening has been shown to be of primary concern
for HOPG optics [81]. The individual contributions to broadening are typically
assumed to be gaussian in nature, and so the individual terms are summed in
quadrature to obtain the total spectral resolution:
∆λtot
λ
=
√(
∆λrc
λ
)2
+
(
∆λsource
λ
)2
+
(
∆λdepth
λ
)2
(3.22)
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3.7 Throughput Estimation
The throughput of an x-ray spectrometer can be defined as:
Ω = ηc φh φv (3.23)
where ηc is the efficiency of the crystal and φh (φv) is the angle subtended by
the actively reflecting portion of the crystal surface relative to the source in the
horizontal (vertical) direction. By assuming that the crystal diffracts along its
entire vertical height, hv, φv can be approximated as hv/ds. The efficiency of
the crystal is simply the reflectivity, and the horizontal acceptance angle will be
limited by the rocking curve width. These two items are related through Eqn.
3.9 and allow Eqn. 3.23 to be rewritten as:
Ω ≈ Rint hvds (3.24)
For a more accurate estimate of throughput, one must consider the influence
of crystal geometry and experiment geometry [82]. To simply demonstrate the
effect of geometry on throughput, we consider the reflections in Fig. 3.10. Rays
from two different source locations intercept a curved crystal at normal inci-
dence angles θ′n and θ′′n , diverging by the half-angles φ′ and φ′′ from the central
ray which intercepts at an angle θn. Intrinsic uncertainty allows the prime rays
to be diffracted as long as |θn−θ′n| ≤ ∆θrc/2. For the equality case, the rays from s′
will subtend a smaller horizontal acceptance half-angle than those from s′′ and
consequently a smaller throughput value when the full case is considered.
A full geometrical analysis of the throughput was performed and coded into
a python script to determine Ω → Ω(rc, hv, ds,Rint). The results are plotted in
Fig. 3.11 for the rc = 180mm Ge(400) optic used in the FXRTS experiments (de-
scribed in Ch.6) on COBRA assuming an Rint = 1.77 × 10−4 rad.
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|θn − θ′n| = |θn − θ′′n | = ∆θrc/2
φ′ , φ′′
Figure 3.10: The effect of geometry and crystal placement on the horizontal ac-
ceptance angle.
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Figure 3.11: Throughput as a function of distance from the source for a
spherically-bent Ge(400) optic with a 180mm radius of curvature. The three
images are the surface reflection profiles for a 50eV wide line at 20, 30 and 80cm
from the source. The strongest reflection intensity is red and the weakest is
shown in blue.
As the source moves closer to the Rowland circle position indicated by the
vertical dashed line, the throughput approaches an upper limit that is deter-
mined by the actual dimensions of the face of the crystal, i.e. the entire face
of the optic participates in diffraction and the horizontal acceptance angle will
be limited by the optic width and Bragg angle. The three images associated
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with the plot are the surface reflection profiles for a 50eV wide line source at
20, 30 and 80 cm distances from the optic calculated with the aid of a custom
raytracing program. The strongest reflection intensity is colored in red with the
weakest in blue. Clearly, more and more of the surface actively participates in
reflection as the optic approaches the Rowland circle intercept distance.
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CHAPTER 4
IMAGE PLATES
4.1 Introduction
Image plates (IPs) are a reusable image storage medium capable of detecting
ionizing radiation. They have also been used to detect electrons, protons, neu-
trons and α-particles in addition to photons [83, 84, 85]. Originally invented in
the 1980’s, they were used heavily within the biomedical industry. Since their
creation, they have become increasingly used in high energy density plasma
physics experiments due to their high quantum efficiency, robustness, wide dy-
namic range, linearity and ease of use [86]. Their high quantum efficiency value
(≈ 0.5 − 0.8) has facilitated the observation of the weak scattering signals found
in XRTS experiments [8].
IPs are used in conjunction with a special scanner to retrieve the latent im-
age information. The Laboratory of Plasma Studies currently uses the General
Electric produced Typhoon FLA 7000. The IP types used in this thesis are the TR
(tritium) and SR (super resolution) type plates from Fuji BAS (Biological Analysis
Systems).
The plates are used exactly as one would use a standard x-ray film in an
imaging or spectroscopic mode. They can be trimmed to fit inside the many
custom pinhole and slit stepwedge cameras currently employed on XP and CO-
BRA experiments. Despite their numerous advantages over standard x-ray film,
the achievable resolution is limited intrinsically by the scanner step-size to 25µm
and further degraded by scattering processes that arise during the scanning pro-
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cedure to about 100µm [87]. If high imaging resolution is required, film is still
considered superior due to the ∼ 1µm grain size.
After use, the IP can be erased by exposure to intense white light for 10 − 30
minutes. Sometimes, exceptionally intense experimental conditions can cause
latent ghost images which the author has found difficulty erasing with simple
white light exposure. In these cases, replacing 2 of the 5 halogen lamps in the
eraser with UV lamps and repeating the erasing procedure seemed to remedy
the ghosting in accordance with Ohuchi-Yoshida et al. [88].
4.2 Design
BaFBr : Eu2+
Polyester Support
Magnetic Backing
348µm
112µm
8 − 10µm Mylar layer
Figure 4.1: Fuji BAS-SR image plate cross-section.
IPs are generally composed of three layers (Fig. 4.1): phosphor, support and
ferrite backing.
The support layer and ferrite backing provide mechanical strength and the
ability to remain attached to the magnetic scanning tray while inverted during
the scanning process. The backing and support layers amount to about 350µm
of thickness in total.
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The phosphor layer is a flexible crystalline active layer composed of barium
fluoro-bromide with trace amounts of bivalent europium (BaFBr : Eu2+). The
stoichiometry and thickness of the crystalline layer differs depending on the
type of plate. The SR-type plate utilizes the previous compound at a thickness
of 112µm while the TR-type is only 60µm thick and additionally doped with
iodine, formulated as BaFBr0.85I0.15 : Eu2+.
The SR-type also employs a thin (8 − 10µm) mylar layer for protection. The
TR-type was initially developed to detect weak beta emission during tritium
decay and therefore lacks the protective covering.
4.3 Photostimulated Luminescence (PSL)
conduction band
+
incident x-ray
−
−
−
+−
400nm recombination photon
650nm scanner photon
valence band
F-center
Figure 4.2: The PSL cycle. From left to right, an incidenct x-ray photon liberates
an electron into the conduction band where it is trapped in an F-center. Scanner
light ejects the electron from the F-center which then recombines in the valence
band and emits a recombination photon.
The process of photostimulated luminescence (PSL) is how the latent image
is acquired from the crystalline phosphor layer. The entire cycle, which consists
of a single electron interacting with three different photons, is shown in Fig. 4.2.
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An incident x-ray photon is absorbed by the IP, which converts Eu2+ to Eu3+
and ejects the electron from the valence band into the conduction band leav-
ing behind a positively-charged hole. The electron can become trapped in a
metastable potential well, i.e. lattice defect, known as an F-center (from the Ger-
man farbe zentrum for color center).
At this point, the image information is stored by the electron in the F-center
and the IP scanner is needed to retrieve it. Random thermal fluctuations can
also free the electron from the F-center given enough time, resulting in a less
intense final image.
The scanner emits 650nm photons onto the IP, which can give the trapped
electron enough energy to escape the potential well. When the electron returns
to the valence band and recombines with the positive hole (Eu3+ + e− → Eu2+),
a 400nm recombination photon is emitted which is collected and amplified by
a photomultiplier tube. This signal is then digitized and stored in a 16-bit TIFF
image file. PSL levels can be recovered using the formula
PS L =
( R
100
)2 (4000
S
)
10L
[
G
2B−1−
1
2
]
(4.1)
where R is the scan resolution in µm, S is the sensitivity setting (PMT voltage
gain for GE scanners), L is the dynamic range or latitude, B is the bit depth, and
G is the raw grayscale value. The parameters are chosen before each scan by the
user.
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4.4 Sensitivity Comparisons to DEF X-ray Film
IP sensitivities have been studied by a few authors over varying bandwidths.
Meadowcroft et al. have absolutely calibrated the Fuji BAS IPs (Fig. 4.3) in the
energy range of 0−100keV and measured the thermally-induced fading as func-
tion of time [89]. Haugh et al. have also studied IP sensitivity from 700−5000eV
and noted a factor of 3 disagreement with Meadowcroft sensitivities within that
range that could not be accounted for [90].
Figure 4.3: Theoretical image plate response curve in units of photo-stimulated
luminescence.
DEF (double emulsion film or direct exposure film) x-ray film from Kodak
has been characterized most completely by Henke et al.[91]. DEF is no longer
produced by Kodak at this time, but a small cache of it was being stored by
a few resourceful Russian scientists. The availability and known sensitivity of
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the DEF prompted a concise comparison study against the TR and SR IP types,
similar in nature to that performed by Chandler et al. in Ref [92] between Kodak
Biomax MS and DEF.
~62
cm
CylindricalFKAP
Detectors
HybridFX-pinchFSetup
DEF/IPFStack
Figure 4.4: DEF/IP sensitivity comparison study experimental arrangement.
The sensitivity comparison study was performed using the XP driver. A
small spectrometer body was attached to one of the diagnostic ports on the XP
chamber as shown in Fig. 4.4. A cylindrically-bent KAP crystal collected light
from an x-pinch in the main load and focused the light onto a detector “stack”
composed of DEF/TR, DEF/SR, or TR/SR arranged in an overlapping fashion
which allowed the line radiation to fall on both detector types simultaneously
as exemplified in Fig. 4.5.
The wire material in the hybrid x-pinch was chosen to provide strong K-shell
or L-shell lines in the range of 1 − 5keV. The lines chosen for analysis were an
He-like Al line (2p − 1s) near 1.59keV, an Na-like Nb line (3d − 2p) near 2.42keV,
an O-like Mo line (3p − 2s) near 3.07keV, and an He-like Ti line (2p − 1s) near
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Figure 4.5: DEF/IP detector stack example.
4.75keV.
The DEF chemical development procedure was performed as carefully as
possible to match the conditions in Appendix A of Ref. [91]. After develop-
ment, the DEF films were digitized on a flatbed scanner alongside calibrated
neutral density stepwedges and saved in a 16-bit TIFF image file. The TR and
SR IPs were scanned with a 25µm step size at a PMT voltage gain setting of 500
(comparable to S 1000 for Fuji scanners) and a latitude setting of 5. The images
were saved in a 16-bit TIFF image file.
For each shot number, the two recording media were analysed using the
ImageJ program [93] as follows: Depending on the hybrid wire material used,
the spectral line in question previously mentioned was identified and an aver-
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age intensity, Iline, was determined. A suitably uniform area of background was
identified and an average intensity, Ibg, was determined. The difference of the
two values yielded the background-corrected intensity
Icline = Iline − Ibg (4.2)
The values of Icline for each detector type were then compared. The results of this
analysis are shown in Fig. 4.6.
Figure 4.6: DEF vs. IP signal intensity measurements arranged by shot number
on XP. The hybrid wire material used as well as the line energy used in the
analysis is indicated with the shot number.
From an initial inspection of the plot, the IPs (both TR and SR) show about
10X higher grayscale intensity levels than the DEF for each shot. The average
experimental intensity ratio is in fact 8.5 ± 1.7. This agrees with Meadowcroft’s
analysis of the TR and SR types, which were shown to have similar sensitivies
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in this energy range, i.e. if one type outperforms DEF then so should the other
to a similar degree in that range.
Figure 4.7: DEF sensitivity curve defined by Henke for Ds = 0.5.
Henke defined DEF sensitivity in Ref. [91] as the inverse of the intensity
(photons/µm2) required to achieve a specular optical density (Ds) of 0.5. Be-
cause the DEF images were scanned with a flatbed scanner and not a calibrated
densitometer, the optical density measurements for the sensitivity comparison
are actually closer to a diffuse optical density (Dd). The difference between Ds
and Dd amount to the way light is collected through the image sample [94].
Henke also provided experimentally measured conversion ratios of Ds/Dd with
a first order correction being
Ds ≈ 1.9Dd (4.3)
where a densitometer using a 0.1×0.1 numerical aperture provided the Ds mea-
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surement. Using this conversion, a specular optical density of 0.5 would be
converted to a diffuse optical density of about 0.26 which is equivalent to a
measured 16-bit grayscale intensity of about 19600 on our stepwedge-calibrated
flatbed scanner. This grayscale value can be converted to PSL using Eq. 4.1 to
facilitate a change of the sensitivity units of mPS L/γ shown in Fig. 4.3 in order
to compare to the DEF sensitivity units of µm2/γ shown in Fig. 4.7. This is ac-
complished by multiplying both IP sensitivity curves by the scanned pixel area
(625µm2) and then dividing by the grayscale-to-PSL conversion (≈ 2.5 mPS L).
The modified IP sensitivity curves are plotted in Fig. 4.8 along with the DEF
sensitivity curve across the range of interest.
Figure 4.8: DEF and IP sensitivity curves.
Taking an average of the theoretical sensitivity ratios at the energy points of
the experimental study yields a value of about 7.1 ± 1.6, indicating good agree-
ment with the observed results.
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4.5 TR vs. SR
The relative response of TR and SR was also compared in this range. The results
are presented in Fig. 4.9, where a Na-like Ag line (3d − 2p) near 3.22keV was
used for shot 6698 instead of the Mo line used previously.
Figure 4.9: SR vs. TR response in the energy range of 1 − 5keV.
Shot 6698 presented an unexpected deviation in the response between SR
and TR thought to be due to a large amount of e-beam generated background
radiation which resulted in a largely non-linear background correction that
severely reduced the value of Icline. The other shots in the series show TR and
SR to have similar responses in accordance with theory. The result of shot 6698
prompted an additional comparison of the signal-to-background ratio between
TR and SR IPs.
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4.5.1 TR vs. SR Signal-to-Background
The signal-to-background ratio (SBG) is defined here as the ratio of the derived
Icline intensity to the measured Ibg intensity. The results of the analysis grouped
by shot number are shown in Fig. 4.10.
Figure 4.10: Signal-to-background level comparison between SR and TR.
The TR-type IP SBG was superior to the SR-type in every case. This is likely
due to the 15% lower density and 46% thinner design of the TR plate which
results in less absorbed harder background radiation.
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CHAPTER 5
X-RAY THOMSON SCATTERING THEORY
5.1 Introduction
This chapter presents a basic introduction to scattering theory. A working
knowledge of scattering theory is needed in order to properly analyze scattered
spectra. The analysis of all the scattered spectra obtained in pursuit of this the-
sis was carried out with the aid of proprietary software called SPECT3D [95].
Proper use of the code requires an understanding of a scattering concept known
as the total dynamic structure factor, which will be discussed here.
Many basic electromagnetic theory texts offer a more detailed run through
of scattering theory, such as Jackson’s Classical Electrodynamics or Griffith’s Intro-
duction to Electrodynamics. An excellent text covering x-ray and neutron scatter-
ing is Elementary Scattering Theory by D. S. Sivia. For a detailed presentation on
Thomson scattering theory with recently updated chapters on x-ray Thomson
scattering, Plasma Scattering of Electromagnetic Radiation: Theory and Measurement
Technique by Sheffield et al. is recommended.
5.2 Classical Scattering Theory
When an electromagnetic wave interacts with a free electron, the electron is ac-
celerated by the electric field of the wave, the direction of which is referred to
as the wave polarization. Any charged particle undergoing acceleration emits
radiation. Therefore the electron can be viewed as a scatterer of the incident
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electromagnetic wave.
Eˆ
kˆ
θ
aˆ
rˆ
Figure 5.1: The electric field of the incident wave (blue) accelerates the electron
(gold sphere) which re-emits radiation (magenta). An observer in the direction
of rˆ will see some component of the scattered wave.
If the velocity of the particle is small (v << c where c ≈ 2.99 × 108 m/s), the
radiated electric field observed at some distance r is given by:
Erad =
q
4pi0c2r
(rˆ × (rˆ × a)) (5.1)
where a is the acceleration vector and rˆ is the unit vector pointing toward the
observer (see Jackson, Ch. 14 [26] or Griffiths, Ch. 11 [96]). It is obvious from
the cross product terms that no radiation field is measured when the observer
is viewing parallel to the acceleration, i.e. rˆ || a, therefore rˆ × a = 0. A schematic
diagram of the scattering process is shown in Fig. 5.1.
The instantaneous power radiated per unit solid angle (W/sr) can now be
found with the aid of the Poynting flux:
dPrad
dΩ
= r2|S| = r
2|E × B|
µ0
=
r2|E|2
µ0c
(5.2)
where dΩ is the differential solid angle.
Plugging Eqn. 5.1 into Eqn. 5.2 and simplifying the cross-product terms
yields
dPrad
dΩ
=
µ0q2a2sin2(θ)
16pi2c
(5.3)
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Integrating Eqn. 5.3 over the entire solid angle to get the total radiated power
results in:
Ptotalrad =
µ0q2a2
16pi2c
∫ pi
0
sin3(θ)dθ
∫ 2pi
0
dφ =
µ0q2a2
6pic
(5.4)
which is the classical result of Larmor for a dipole radiator [96].
The characteristic “donut”-shaped radiation pattern based on Eqn. 5.3 is
shown in Fig. 5.2.
−
Figure 5.2: The electric field shown in blue accelerates the electron along the
dashed red line causing it to emit radiation in a “donut”-shaped pattern. An
observer looking down the acceleration axis would see no scattered radiation.
The scattering of light by a free electron just described is known as Thom-
son scattering. The process is called Rayleigh scattering if the scattering is from
bound electrons in atoms or molecules. The physics of Rayleigh scattering dif-
fers from Thomson scattering in that the electron is treated as a bound oscillator,
introducing an ω4 frequency dependence for the scattered intensity which is not
found in the previous derivations. For an atom or molecule, the bound electrons
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act to polarize the atom or molecule in the presence of the incident electric field
and collectively radiate as a dipole. When Lord Rayleigh (John Strutt) made his
calculations in 1871 [97], the existence of the electron had not yet been proven
and would not be until the experiments of Thomson in 1897 [98].
A fundamental quantity involved in all scattering analysis is the Thomson
scattering cross section, σT , which has dimensions of area and describes how
likely a scattering event from a single electron will be. This quantity can be re-
covered using the time averages of Eqns 5.2 and 5.3 via the following definition:〈
dP
dΩ
〉
= 〈S 〉dσ
dΩ
(5.5)
where dσ/dΩ is the differential scattering cross-section which has dimensions
of area per unit solid angle [26].
We procede by first writing the acceleration of the electron as
a =
q|E|
me
=
qE0cos(ωt)
me
(5.6)
where E is the electric field of the incident wave and me is the electron mass
(≈ 9.11 × 10−31 kg). The time average of the a2 term in Eqn. 5.3 is thus
〈a2〉 =
〈
q2E20cos
2(ωt)
m2e
〉
=
q2E20
2m2e
(5.7)
allowing the time average of Eqn. 5.3 to be written as〈
dPrad
dΩ
〉
=
µ0q2〈a2〉sin2(θ)
16pi2c
=
µ0q4E20sin
2(θ)
32pi2mec
(5.8)
The time average of the Poynting flux for the incident wave is likewise written
as
〈S 〉 = E
2
0
2µ0c
(5.9)
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Dividing Eqn. 5.8 by Eqn. 5.9 now yields the differential scattering cross-section
dσ
dΩ
=
µ20q
4
16pi2m2e
sin2(θ) = r2e sin
2(θ) (5.10)
where re is the classical electron radius (≈ 2.8 × 10−15 m).
Finally integrating Eqn. 5.10 over the entire solid angle yields the Thomson
scattering cross section:
σT ≡
∫
Ω
dσ
dΩ
dΩ = r2e
∫ pi
0
sin3(θ)dθ
∫ 2pi
0
dφ =
8pi
3
r2e (5.11)
which has a numerical value of approximately 6.65 × 10−29 m2.
5.3 Compton Scattering
The equations of the previous section are all based on the premise that light is a
wave and that the scattered wavelength, λ′, is equivalent to the incident wave-
length, λ0. This wavelength equality implies elastic scattering. The experiments
of Compton in which the scattering of Mo Kα radiation from graphite blocks re-
sulted in λ0 , λ′, i.e. inelastic scattering, were the first convincing experimental
evidence demonstrating the quantum nature of light [99].
Compton postulated that the recoil of the scattering electron reduced the
energy available to the scattered photon. By using conservation of momentum
and Einstein’s mass-energy relation, the wavelength increase of the scattered
photon was determined to be
λ′ − λ0 = hmec (1 − cos(θs)) (5.12)
where h is Planck’s constant (≈ 6.626 × 10−34J s). The change in wavelength is
a function of the observed scattering angle, θs, shown in Fig. 5.3. The observed
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−λ0
λ′
θs
recoil e−
Figure 5.3: Compton shift vs. scattering angle where the scattering angle is
defined by the figure shown inset.
shift in wavelength (energy) for the scattered photon is determined by geometry
of the experiment, which can range from zero to twice the Compton wavelength
of the electron ( hmec ) at 180
◦ backscattering.
Compton scattering can occur from both free electrons and weakly bound
electrons in an atom, where the binding energy is less than the Compton energy
(Eb < ~2k2/2me). For strongly bound electrons, the mass term in Eqn. 5.12 must
include the combined mass of the electron and ion which reduces the magnitude
of the observed shift in scattered wavelength.
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5.4 X-ray Thomson Scattering
X-ray Thomson scattering is defined as the combination of elastic scattering
from strongly bound electrons and inelastic scattering from free and weakly
bound electrons [100]. The scattering parameter (or α parameter) is a dimen-
sionless quantity which indicates the probing scale length of the experiment:
α =
1
λS k
(5.13)
where the scattering k (see Fig. 5.4) is a function of the incident probe wave
vector and the observed scattering angle given by
k = |k| = 2k0sin(θs/2) (5.14)
k0
k′
k
θs/2
k = |k′ − k0| = 2k0sin(θs/2)
Figure 5.4: Scattering vector diagram definition. The scattering vector k (red
arrow) is the vector sum of the observed scattering vector k′ and the initial probe
vector k0.
The characteristic shielding length λs is determined by the conditions of the
plasma being probed:
λS =

λD =
(
neq2
0kBTe
)−1/2
, classical plasma
λTF =
(
meq2
pi0~2
(
3ne
pi
)1/3)−1/2
, degenerate plasma
(5.15)
where λD is the Debye shielding length and λTF is the Thomas-Fermi shielding
length for a Fermi-degenerate system (see App. A).
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5.4.1 Noncollective Scattering Regime
When the shielding length in the plasma is shorter than the scattering length
(≈ k−1), the α parameter is smaller than one, and the scattering is described as
noncollective. In this regime, the motion of the individual electrons are probed in
the direction of k, thus allowing a direct measurement of the electron velocity
distribution function. Typically, noncollective XRTS experiments are character-
ized by large probe energies and backscattering angles greater than 90◦.
E0E0 − ~2k22me
∝ k · v
−
Al2+
Figure 5.5: Noncollective scattering example plot.
An idealized, theoretical noncollective scattering spectrum is shown in
Fig. 5.5. The initial probe energy at E0 is downshifted and broadened by a com-
bination of the Compton and Doppler effects
~ω =
~2k2
2me
± ~k · v (5.16)
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In the case of scattering from a classical plasma, the width of the downshifted
Compton feature will be proportional to T 1/2e , and will be the result of scattering
from free electrons and weakly bound electrons (Eb < ~2k2/2me). For a Fermi-
degenerate plasma, the width will be proportional to the Fermi energy and thus
n1/3e . The unshifted peak at E0 is the result of scattering from tightly bound
electrons (Eb > ~2k2/2me) on the ion.
The experiments of this thesis were all performed well within the noncollec-
tive regime.
5.4.2 Collective Scattering Regime
When the shielding length in the plasma is much larger than the scattering
length, the α parameter becomes larger than one, and the scattering is consid-
ered collective. Collective scattering experiments are characterized by weaker
probe energies and are predominantly carried out in a forward scatter geom-
etry with θs < 90◦. Scattering in this regime is distinctly different from the
noncollective, with plasma waves, i.e plasmons, being the primary scattering
source. Consequently, diagnostic information is obtained through the modified
Bohm-Gross dispersion relation [5]:
ω2pl = ω
2
p + 3k
2v2th(1 + 0.088neΛ
3
e) +
(
~k2
2me
)2
(5.17)
where
ωp =
(
neq2
0me
)1/2
(5.18)
is the plasma frequency,
vth =
(
kBTe
me
)1/2
(5.19)
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is the thermal velocity, and
Λe =
~
(2pimekBTe)1/2
(5.20)
is the thermal De Broglie wavelength for the electron [101]. For a classical, colli-
sionless plasma, Eqn. 5.17 simplifies to the Bohm-Gross relation taught in intro-
ductory plasma physics courses:
w2pl ≈ ω2p +
3kBTe
me
k2 (5.21)
No collective XRTS experiments were attempted in the pursuit of this thesis.
5.5 The Total Dynamic Structure Factor : S (k, ω)
For an XRTS experiment involving an unpolarized source such as the x-pinch,
the total scattered power P′ into frequency interval dω and solid angle dΩ from
a plasma of electron density ne and thickness l is given by
P′ dω dΩ = P0
3
16pi2
neσT l S (k, ω)
(
1 − 1
2
sin2(θs)
)
dω dΩ (5.22)
where k is defined by Eqn. 5.14, and P0 is the incident power [102].
S (k, ω) is the total electron dynamic structure factor (DSF), which is defined
as the Fourier transform of the electron-electron density fluctuation, i.e. the
electron-electron correlation function [8]. This term alone dictates the overall
theoretical shape of the scattered signal, and it must include terms for the in-
elastic Compton scattering from free and weakly bound electrons and elastic
scattering from the tightly bound electrons [103]. These three cases are some-
times referred to as free-free, bound-free and bound-bound indicating the state of
the electron before and after the scattering event.
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The standard form used for the total dynamic structure factor was initially
derived by Chihara [104] as
S (k, ω) = | fI(k)+q(k)|2S ii(k, ω)+Z fS 0ee(k, ω)+Zb
∫
S˜ ce(k, ω−ω′)S s(k, ω′)dω′ (5.23)
The first term in Eqn 5.23 is referred to as the ion feature. It accounts for
bound electrons through the ionic form factor fI(k) and free or valence electrons
that participate in shielding the ion through q(k) [103]. S ii(k, ω) is the ion-ion
density correlation function, which can be approximated as static due to the
slow variation of the ion motion relative to the experiment time, i.e. S ii(k, ω) ≈
S ii(k)δ(ω) [105]. S ii(k) can be significant when scattering from metals if the Laue
condition (Bragg condition in momentum space) is fulfilled by k [18].
The second term in Eqn 5.23 is referred to as the electron feature and it ac-
counts for the inelastic scattering from free electrons that are neither bound nor
participating in shielding in the plasma. S 0ee(k, ω) is the electron-electron density
correlation function.
The last term, known as the bound-free feature, describes inelastic scattering
that can occur from bound electrons. S˜ ce(k, ω) describes the structure of the
core electrons which is modulated by the self-motion of the ions, described by
S s(k, ω). This scattering is inelastic only when the final state of the electron is free.
This can only occur if the energy transferred to the electron is greater than the
binding energy of the electron, ~ω > Eb. The effects of continuum lowering in
high density systems must also be accounted for, as this can effectively lower Eb
[103]. Accurately modeling this contribution is a subject of active research, and
current models such as the impulse approximation (IA) or the plane wave form
factor approximation (PWFFA) can be used to describe bound-free scattering
[106].
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CHAPTER 6
EXPERIMENTAL RESULTS AND ANALYSIS
6.1 Introduction
The XRTS results discussed in this chapter were all obtained in the noncollec-
tive regime from “cold” aluminum using a titanium hybrid x-pinch as the probe
source on the COBRA pulsed power driver. Attempts at a direct x-ray Thomson
scattering (DXRTS) technique using cold carbon were also attempted by placing
the carbon target near the x-pinch. This resulted in unexpected signals thought
to be due to the presence of W in the spectrometer collimating snout (Sec. 6.4.2).
These experiments were also plagued by high background levels produced from
both the x-pinch and the COBRA driver itself. The weak scattering signals com-
bined with the time-integrating nature of the image plates only served to further
restrict the background radiation requirements.
To combat this, a novel experimental arrangement based on monochro-
matic backlighting techniques was developed. In a monochromatic (or quasi-
monochromatic) backlighting setup, the focusing and bandwidth properties of
a spherically-bent x-ray optic (see Ch. 3) are used to collect and focus x-rays
through an imaging or absorption target thereby improving signal-to-noise ra-
tios [49].
In a focused x-ray Thomson scattering (FXRTS) experiment, a spherically-
bent optic is used to collect the desired probe light from the hybrid x-pinch
and focus it onto a target. This is accomplished by placing the scattering target
at the spectral (meridional) focal point. By placing the source far outside the
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Rowland circle of the spherically-bent optic, the target, focusing and collection
optics, and image plate detectors can all be positioned at a distance far removed
from the intense sources of background noise that are found close to the load
region. The distance from the load region also provides more opportunity for
debris shielding.
6.1.1 General FXRTS Setup
The reader should reference Figs. 6.1, 6.2 and 6.3 during the following descrip-
tion. For the experiments on COBRA, a small spectrometer chamber (≈ 40 cm
diameter) was attached to the main vacuum chamber through a 5 cm diameter
vacuum flange. The FXRTS setup was arranged in this chamber with a Ge(400)
optic (180 mm radius of curvature) mounted on a rotation stage approximately
82cm from the main chamber center acting as a focusing optic. A 125µm Ti hy-
brid x-pinch in the main current path provided the source of 4.75keV Ti Heα
probe photons. At this distance, the active surface area (see Sec. 3.7) of the optic
was estimated to cover a solid angle of about 10−6sr. Based on the photometric
estimations from Sec. 2.6 and Sec. 1.4.6, a Ti x-pinch can produce & 1015 pho-
tons per steradian in Heα radiation. This leads to a reasonable number of probe
photons (& 109) focused onto the target.
In order to reflect and focus the probe x-rays, a grazing angle of ≈ 67◦ was
set for the collection optic by using a small helium-neon (HeNe) laser pointer.
The surface of the Ge optic was sufficiently reflective to see the green laser light
and initial alignment proceded as follows: The laser pointer was mounted at
the location of the x-pinch and pointed at the center of the Ge optic. The optic
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Figure 6.1: Top-down view of FXRTS alignment setup. The dashed green line
indicates the path of a photon from the HeNe laser during the alignment proce-
dure. θs and θn indicate the backscattering angle and the incident Bragg angle,
respectively.
was rotated until the reflected point was aligned with the laser source. With the
laser still mounted in place, a short focal length lens was mounted on the HeNe
laser to cause the laser light to diverge in order to cover the entire face of the
Ge optic. With a grazing angle of θ = 67.3◦ determined with Eqn. 3.5 for a 1st
order reflection of 2.61Å photons, the normal incidence angle for the Ge optic
was determined as θn = 90◦ − θ.
With the Ge optic angle properly set, the Al scattering target was then placed
at the spectral focal position. The thickness of the Al target was chosen to be
20µm in order to minimize the chances of secondary scattering events within
the bulk of the target. The proper location of the target was determined exper-
imentally by moving the Al target away from the Ge optic along the path of
reflected laser light until the light was focused to a ≈ 2 − 3mm tall vertical line.
The width of this line was estimated to be approximately 500 µm, due to un-
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Figure 6.2: The FXRTS chamber during the initial laser alignment procedure.
The red dashed line is the assumed path that a scattered photon could take
during the experiment. A very dim reflection of laser light can be seen focused
on the scatter IP.
certainty in the actual placement of the foil. The astigmatism associated with
spherically-bent optics (discussed in the X-ray Optics chapter) is why this line
is not a point as one might expect. This astigmatism is not experimentally rele-
vant as the room-temperature Al strip is static and the temperature and density
of the Al is assumed to be uniform along this focal line during the time scale
of the experiment. However, this could be a problem for future experiments
involving compression and/or heating of the target which may result in mixed
scattering signals along this focal line if not properly spatially resolved by the
collection optic.
With the Ge focusing optic and Al scattering target in proper position, the
spherically-bent HAPG collection optic was then positioned and aligned ap-
proximately 12cm from the target at a backscattering angle θs between 135◦ −
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145◦, depending on the shot. This angle was measured with a large protractor
to an accuracy of ±3◦. The HAPG incidence angle was more difficult to zero
and set due to the weak reflection of the laser light from the Al strip target,
which had already been diminished by the reflection from the Ge(400) surface.
The laser could not be relocated to this position due to space constraints and
the fear of misaligning the target itself. The Al strip was observed to have a side
which was slightly more reflective than the other, and this side was always used
in the setup to help with the alignment. The initial “zeroing” and alignment
proceeded in a manner identical to that previously described for the focusing
optic. The HAPG optic used was employed in 2nd order to satisfy both Bragg’s
Law and the geometric constraint of the small spectrometer chamber. To reflect
the scattered light near 2.61 Å, a grazing angle of 51.2◦ degrees was determined
and a corresponding normal incidence angle of 38.8◦ was applied to the rotation
stage with the zero correction. A picture of the FXRTS chamber during the laser
alignment procedure is shown in Fig. 6.2.
The detectors used to collect the scattered photons and the probe photons
were BAS-TR uncoated IPs and BAS-SR coated IPs (see Ch. 4). The sensitivies
of both types are similar near 5 keV . To collect the probe spectrum, an unfiltered
SR-type IP was placed directly behind the Al target approximately 10 − 15cm
away from the target. This provided enough distance for the focused probe
photons which were not absorbed or scattered to de-focus in the spectral and
vertical directions and provide a clear image of the spectrum on the IP. The
HAPG mosaic optic was employed in a mosaic mode (see Sec. 3.5) with the TR-
type IP was placed a distance from the HAPG equal to the distance from the
HAPG to the scattering target. This IP was also unfiltered, though Pb shielding
was placed strategically to keep stray light from the source from intercepting
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FXRTS vacuum attachment
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Figure 6.3: CAD model of the FXRTS setup on COBRA. The main chamber of
COBRA is cut-away to show the cathode stalk.
the IP.
6.2 The Scattering Model for “Cold” Aluminum
Before the actual analysis of the experimental data, it is beneficial to discuss on
a broad level how the scattering from the cold Al was modeled in SPECT3D.
As discussed in Sec. 5.5, the three contributions to an XRTS signal are from
free (free-free), weakly bound (bound-free) and tightly bound electrons (bound-
bound). The free and weakly bound electrons result in inelastic scattering while
the tightly bound electrons result in elastic scattering. For inelastic scattering to
take place, energy must be transferred to the electron. For the non-relativistic
free electron case this will always occur. However, for the bound case, the
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Compton energy must exceed the binding energy for inelastic scattering to oc-
cur. The first 5 ionization energies for Al are shown in Table 6.1, below [107].
Table 6.1: Ionization energies for Al.
# Energy (eV)
1st 5.9858
2nd 18.828
3rd 28.447
4th 119.992
5th 153.825
A single atom of Al is composed of 13 bound electrons, with 2 in the K-
shell, 8 in the L-shell and 3 in the M-shell. However, for bulk Al at room tem-
perature, the 3 M-shell electrons are considered conduction electrons (valence
electrons), which are delocalized and free to move through the lattice. These 3
valence electrons are considered “free” for the purposes of the XRTS analysis
using SPECT3D.
The remaining electrons in the K and L shells would appear to have higher
ionization potentials than can be overcome by the Compton energy exchange,
which for these experiments ranged from 78eV − 80eV based on the scattering
angle and probe energy. It could be assumed that these remaining electrons fall
in the category of tightly bound. This is not generally true, however, due to the
phenomenon of continuum lowering or ionization potential lowering. When an
atom is placed in an external electric field, the ionization potential is lowered
due to the shielding of the external field. For a grouping of atoms or ions with
a complicated structure where the field of one ion can influence the ionization
potential of its neighbor, such as in a plasma or a metal, the problem becomes
quite complicated [108]. This ionization lowering can have subtle effects on the
bound-free calculations for an XRTS experiment [106]. This is an active area of
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research for XRTS experiments, and a full theoretical treatment is beyond the
scope of this thesis. SPECT3D provides a choice between two well known (but
debated) models for continuum lowering in its bound-free calculations: Stuart
and Pyatt (SP) [109] or Ecker and Kroll (EK)[110]. The user can also turn off all
bound-free scattering calculations in the code if so desired. Pertaining to the
XRTS simulations of this thesis, no difference was observed in the calculated
S (k, ω), whether using SP, EK or none, indicating that the bound-free scattering
contribution for cold Al is insignificant in the cases studied.
The calculation for the bound-bound scattering contribution from cold Al
depends on the value of S ii from Eqn. 5.23 and is highly dependent on the ini-
tial experimental setup. Because the Al has a lattice structure defined by recip-
rocal lattice vectors G, the Laue condition of ∆k = G (equivalent to the Bragg
condition in a k-space derivation, see Ref. [68]) can be satisfied by the probe k-
vectors as shown in Fig. 6.4. This will result in the signal being dominated by
elastic scattering due to the “boost” from constructive interference by the reflec-
tion planes in the Al lattice. This fact has actually been exploited in recent XRTS
experiments to observe the phase change in shocked graphite [18].
θs
k0
k′
∆k = k′ − k0
G
dhkl
Figure 6.4: The Laue condition of ∆k = G can result in an observed increase in
elastic scattering. This is identical to the Bragg Condition discussed in Ch. 3.
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Determining which k-vectors satisfy the Laue condition is equivalent to find-
ing the S ii(k) for Al, and this can be done in two ways.
The first method involves computing the radial distribution function (RDF)
for an FCC lattice and then Fourier transforming to find the Bragg peaks in
momentum space. An RDF is computed by building a 3-dimensional lattice
identical to an Al face-centered cubic (FCC) lattice [111]. A lattice point close
to the center of the volume is picked as a starting point. A spherical shell of
radius R and thickness dr is constructed around this center point. The radius
of the shell is increased in small steps where at each step the number of lattice
points within R and R+ dr is counted and stored. This continues until the edges
of the lattice are met. Counts are also built statistically by choosing multiple
starting points and averaging the counts into an array. This array is then Fourier
transformed to get S ii(k).
The second analytical method involves solving for the reciprocal lattice vec-
tors through
Ghkl =
2pi
a
√
h2 + k2 + l2 (6.1)
where a is the lattice constant and h, k, l must be all even or all odd, e.g. (111),
(200), (113), etc. This method does not actually yield the entire S ii, but only the
location of the Bragg peaks in reciprocal space [68]. The two methods were used
to compute the S ii for an aluminum lattice with an a = 4.05Å, shown in Fig. 6.5.
SPECT3D allows the user to input values of S ii(k), referred to as the ion fea-
ture in the code. The previously calculated S ii(k) served as a starting point for
analysis of the cold scattering results.
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Figure 6.5: The computed Al ion-ion density correlation factor S ii(k) (green
trace) based on the FFT of an RDF. The blue dashed vertical lines are the re-
ciprocal lattice vectors that satisfy the Laue condition. These correspond to the
location of the Bragg peaks in reciprocal space.
6.3 Cold Scattering Results
The FXRTS experiments described next were based on the previously described
setup, with small changes to the backscattering angle and/or collection optic
distances depending on the experiment. Once the specific COBRA experiment
was carried out, the IPs were removed from the chambers with care taken not to
expose the IPs to ambient light. The IPs were then scanned one at a time with a
25µm step size, sensitivity of 1000 and latitude of 5 (See Ch. 4). The images were
saved in a 16-bit TIFF format for later analysis.
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6.3.1 COBRA shot 2999
COBRA shot 2999 was performed at a backscattering angle of 140◦ ± 3◦ (|k| ≈
4.52Å−1). False color images of the scattered signal and the probe spectrum are
shown in Fig. 6.6 where the colorbar units are in mPS L (PS L × 10−3).
The most intense region of the scattered signal (yellow to bright green in
color)) covers an area of approximately 107 µm2 on the IP with peak intensity
pixel averages of ≈ 1 mPS L/px. Starting from here, we can work backward with
order-of-magnitude estimates to arrive at a probe intensity estimate. At these
energies, the IP response is ∼ 10−3 PS L/γ and the scanned pixel area is ∼ 103 µm2
indicating ∼ 104 collected scattered photons. The HAPG optic collection solid
angle was ∼ 0.1 sr which results in ∼ 106 photons scattered into 4pi from the
target. Based on a scattered fraction of neσT l ≈ 0.001 where ne ∼ 1024 cm−3 for Al,
the total number of photons focused onto the target would have been ∼ 109.
The focused probe area A f oc on the Al target is ∼ 106 µm2 which translates to
a flux of ∼ 103 photons/µm2 at the target. Accounting for a geometric magnifi-
cation factor of ∼ 10−1 from the spherical Ge optic and a transmission of ∼ 10%
through the Al foil, we arrive at an estimated photon flux on the probe IP of
∼ 10 photons/µm2. This translates to ∼ 10 PSL/px. This level corresponds to a
dark red color level, which is found in the strong centers of the resonance and
intercombination lines in Fig. 6.6(b) (shown as Int and Res), indicating a fairly
accurate estimate.
The source fluence can also be estimated based on a calculated optic through-
put of ∼ 10−6 sr based on the analysis in Section 3.7. Assuming & 109 photons
were focused onto the Al target requires & 1015 photons/sr produced from the
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Figure 6.6: COBRA shot 2999 results: (a) The collected scattered spectrum
shown in false color. (b) The Ti Heα probe spectrum for the same shot. The Ge
optic has a small ovular surface defect which appears in the spectrum indicated
by the arrow. Colorbar units are in mPS L.
x-pinch. This is in good agreement with the photon count estimates of Sec. 1.4.6
and Sec. 2.6.
SPECT3D was used to fit a theoretical scattering spectrum to an intensity
profile of Fig. 6.6(a). If the reader is unfamiliar with what an intensity profile (or
“lineout”) involves, see App. B.2. A lineout was also taken across the collected
probe spectrum of Fig. 6.6(b) and loaded into the code to function as the probe
spectrum in the calculation. This lineout along with the convolved result based
on a spectral resolution of 250 from the HAPG optic are shown in Fig. 6.7 to
demonstrate the effect that the HAPG mosaic optic has on a collected signal. The
resolution value of 250 is in close agreement with the estimated experimental
resolution of the HAPG optic based on Eqn. 3.22. The limiting factor in the
resolution was the source width of ≈ 500 µm due to the uncertainty in physical
placement of the Al target at the precise focal position.
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Figure 6.7: Probe spectrum lineout for COBRA shot 2999 convolved with the
HAPG resolution of λ/∆λ ≈ 250.
The value of |k| ≈ 4.52 Å−1 from the experimental setup was compared to
the computed S ii(k) of Fig. 6.5 to determine trial values of S ii for input into
SPECT3D. A plot better showing the k-vector region of interest in shown be-
low in Fig. 6.8. The light red region in the plot centered near the vertical dashed
line indicates the uncertainty in the scattering vector due to the experimental
uncertainty of measuring the backscattering angle. This uncertainty translates
to upper and lower limits for the value of S ii(k) for use in the code. Examples
of the effect of different S ii(k) values on the total dynamic structure factor (DSF)
computed by SPECT3D are shown in Fig. 6.9. As the value of S ii gets larger in
this plot, the scattering k-vector moves closer to the G220 reciprocal lattice vector
resulting in an increase in elastic scattering.
An S ii value of 0.8, along with a Z f value of 3 based on the valence electrons
being treated as free yielded the best fit for the scattered signal from COBRA
shot 2999. This fit is shown in Fig. 6.10. The total DSF signal (shown in red)
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Figure 6.8: The experimental uncertainty in backscattering angle measurement
translates to upper and lower estimates for S ii in SPECT3D.
Figure 6.9: The scattered signal shown with various SPECT3D fits based on
different values of S ii(k).
has also been broken down into its 3 contributing scattering sources: free-free
(green dashed), bound-bound (solid black) and bound-free (purple solid with
dots). The bound-free contribution appears to contribute negligibly in this case.
Scattering from the valence electrons (free-free) appears to be the dominant scat-
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tering mechanism which has been expectedly downshifted by approximately
78 eV . The intensity of the elastic scattering component from the tightly bound
electrons within the Al lattice appears to be about half the signal intensity of the
inelastic component from the free electrons. This is also expected based on the
nearby location of the Bragg peak in k-space.
Figure 6.10: SPECT3D fit for COBRA shot 2999.
6.3.2 COBRA shot 3036
COBRA shot 3036 was performed at a backscattering angle of 145◦ ± 3◦ (|k| ≈
4.60 Å−1). The Ge(400) optic was also turned vertically (taller than wider) in
an attempt to increase the effective active surface area to reflect more photons.
This was based on the assumption that Bragg diffraction occurs across the en-
tire vertical direction of the crystal perpendicular to the direction of diffraction.
This resulted in a slightly taller focal line produced at the Al target during the
laser alignment procedure. The HAPG optic was also moved slightly further
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away from the scattering target to a distance of 14.5 mm. To remain in a mosaic
focusing mode, the scatter IP was also moved 14.5 mm away from the HAPG.
The scanned IP images of the scattered signal and the probe spectrum are
shown in Fig. 6.11. Comparing Fig. 6.11(a) to Fig. 6.6(a), the most obvious dif-
ference is a much cleaner background level. While the images do have slightly
different scales, the scattered signal of shot 3036 also appears to be less broad-
ened relative to its height.
A repeat of the photon flux estimate analysis follows. The scattered signal on
Fig. 6.11(a) covers an area of ∼ 106 µm2 at an average PSL level of ∼ 1 mPS L/px
which translates to ∼ 103 collected photons. The collection solid angle for the
HAPG is still ∼ 0.1 sr/4pi and the scattered fraction is unchanged at ∼ 10−3 result-
ing in ∼ 108 photons at the target. Dividing this by the focal area of ∼ 106 µm2
yields a flux of ∼ 100 photons/µm2. The magnification factor for this shot is
∼ 10−2 and the transmission through the 20 µm foil remains the same at ∼ 10%.
The end result is an expected flux of ∼ 100 mPS L/px at the probe IP. This esti-
mate agrees well with the levels observed in the resonance and intercombina-
tion lines shown in Fig. 6.11(b).
Lineouts of Figs. 6.11(a) and (b) were taken as before. The probe spectrum
lineout was fed into SPECT3D to model the probe source. Shown in Fig. 6.12
is the S ii(k) plot in the k-vector region of interest. The backscattering angle was
experimentally measured to be around 145◦ ± 3◦. The value of the scattering
k-vector is indicated by the vertical dashed black line with the light red region
indicating the uncertainty. This uncertainty suggests 0.16 . S ii . 0.5. It will be
shown that the lower limit is in fact slightly higher than the best fit value.
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Figure 6.11: COBRA shot 3036 results: (a) The collected scattered spectrum
shown in false color. (b) The Ti Heα probe spectrum for the same shot. Col-
orbar units are in mPS L.
Figure 6.12: S ii limits for COBRA shot 3036.
Multiple values of the total DSF were calculated based on different values
for S ii shown in Fig. 6.13. The best fit was determined by how well the “wing”
(magnified inset in Fig. 6.13) at 4.75 keV was fit as this was the only region that
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displayed a large disagreement between the theories. The lower limit value of
0.16 does appear to just dip into the noise of the wing. However, a value of 0.1
provides a better fit through the noise. Obviously, this value lies outside the
limits based on the computed S ii(k) values, which were based on the Fourier
transform of the RDF described earlier. A smoothing factor was also added to
the final FFT, which likely led to this small lift in the floor value of the overall
S ii(k) plot.
Figure 6.13: The scattered signal shown with various SPECT3D fits based on
different values of S ii(k). The best fit was determined by how well the wing
region (shown inset) was fit.
The best fit DSF (smoothed assuming λ/∆λ = 250) based on S ii(k) = 0.1
and Z f = 3 is shown with the separate components that comprise the total in
Fig. 6.14. The elastic compenent from the tightly bound electrons (solid black)
is overshadowed by the inelastic component from the free electrons (dashed
green) which is downshifted in energy by approximately 80 eV . Slightly chang-
ing the scattering angle resulted in moving further away from the G220 recip-
rocal lattice vector in k-space and consequently destroying the elastic “boost”
89
Figure 6.14: SPECT3D fit for COBRA shot 3036.
observed in shot 2999. The contribution from bound-free scattering (solid pur-
ple with dots) remains negligible.
6.4 Attempts at Direct Scattering
All attempts at direct scattering were performed on a 125 µm thick graphite (car-
bon) foil. This was done in the hope that the thicker target would result in a
larger proportion of scattered photons based on Eqn. 1.1 while simultanously
avoiding multiple scattering events.
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6.4.1 Spectrometer Design
For the direct xrts (DXRTS) experiments, a new scattering spectrometer was de-
signed and built to function inside the COBRA main chamber. This spectrom-
eter was designed to serve or facilitate multiple purposes: mechanical align-
ment for the hybrid electrodes, collimation of the probe x-rays, optic protec-
tion and alignment, IP shielding, backscattering angle alignment and scatter-
ing collimation, accurate target placement, and target heating via high-voltage
feedthroughs to an independentally triggered capacitor discharge bank. The
full spectrometer CAD model is shown in Fig. 6.15 inside the COBRA chamber.
Figure 6.15: Direct XRTS experimental setup.
A simplified top-down view of the DXRTS setup with dimensions is shown
in Fig. 6.16 to complement Fig. 6.15. The backscattering angle (126◦) and op-
tic normal angles (77.6◦/2 = 38.8◦) were rigidly set by the spectrometer design.
Both spectrometers used HAPG optics functioning in the mosaic focusing mode
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Figure 6.16: Top-down view of the DXRTS setup with angular and distance
dimensions.
in a 2nd order reflection. Both spectrometers also used the TR-type image plates.
The scatter IP was unfiltered, and the probe IP used a 50 µm Ti filter. The
spectrometers were mechanically supported in a mirrored, semi-symmetrical
arrangment by a rigid 0.5in. thick cylindrical aluminum blast shield. The blast
shield was bolted directly to the COBRA “top hat” segment (shown in blue) and
centered concentrically about the anode-cathode (A-K) region.
Figure 6.17 should be referenced for all descriptions in the following para-
graph. The DXRTS setup placed the target material, 125 µm carbon in this
instance, approximately 2 cm away from the hybrid x-pinch source. The tar-
get was supported at the ends of two high-voltage (HV) electrodes which fed
through the outer blast/support shield. The top electrode was insulated. The
HV electrodes were meant to allow a current from a secondary independent
pulser setup to heat the target. This was not attempted during these experi-
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ments due to technical difficulties and time constraints. The radiation from the
hybrid x-pinch was restricted by a secondary inner shield of copper-tungsten
(Cu-W) which also served as the return current path for the hybrid electrodes.
The pinhole in the shield acted to collimate the probe x-rays. The combined
pinhole collimation and distance from the source resulted in a target active area
of approximately 5.7 mm2 which subtended a solid angle of ≈ 10−2 sr. Assum-
ing ∼ 1015 photons/sr are produced from the pinch results in a fluence of ∼ 106
photons/µm2 at the target which is 3 orders of magnitude larger than the fluence
from the FXRTS experiments.
Figure 6.17: Magnified sectional view of the scattering region. The HV elec-
trodes also functioned as the target holder. The red arrows indicate the direction
of positive current flow.
The backscattered radiation from the source was observed by the scattering
spectrometer at a backscattering angle of 126◦ through a Cu-W collimating snout
with a 1 mm pinhole that was meant to restrict the view of the target to the
active scattering region only as shown in Fig. 6.18. The tip of the snout was
approximately 2 mm away from the active target area.
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Figure 6.18: Magnified sectional view of the scattering region with scatter colli-
mator added.
The probe view spectrometer directly observed the hybrid x-pinch probe
source approximately 22.9 cm away as shown in Fig. 6.19.
Figure 6.19: Sectional view of the probe view spectrometer arm.
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Figure 6.20: The scatter view spectrometer was aligned by using a 10J laser
focused onto a Ti foil at the target location. The weak Ti Heα radition from the
resultant plasma source was used to verify the alignment.
To align the scattering view spectrometer, a laser-produced plasma (LPP)
was created at the location of the scattering target by focusing a 527 nm laser ca-
pable of producing 10 J in a 3 ns pulse onto a Ti foil. A laser alignment thru-hole
was designed into the outer shield to facilitate this as shown in Fig. 6.20. The
weak amounts of Ti Heα radiation created from the LPP combined with the high
efficiency of the HAPG optic was expected to be sufficient for this technique.
The entire design and construction of the DXRTS setup was done as precisely
as possible. The hope was that the tight tolerances built into the mechanical
design would do most of the heavy lifting in terms of the optic alignment. In
pursuit of this goal, the IPs used were also trimmed to precisely fit the spectrom-
eter ends and match each other so image alignment could be simply achieved
by lining up the IP edges.
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6.4.2 COBRA shot 3300: DXRTS Initial Result
After the COBRA experiment was carried out, the IPs were removed from their
spectrometers and scanned and recorded in a manner consistent with the FXRTS
experiments. False-color images from COBRA shot 3300 are shown in Fig. 6.21.
Figure 6.21(a) is the scattered spectrum and Fig. 6.21(b) is the probe spectrum.
A cursory examination of the results would seem to indicate a misalignment
based on the width of the scattered signal to that of the probe input signal. The
collected spectrum from a Ti LPP is shown in Fig. 6.21(c). This image appears to
share some of the characteristics of the collected scattered signal of Fig. 6.21(a).
This is reasonable as both images were collected from the scatter view arm with
identical source locations and Bragg angle settings for the HAPG optic.
Figure 6.21: COBRA shot 3300 results: (a) Scattered spectrum from cold car-
bon. (b) Probe Ti Heα spectrum. (c) Spectrum collected from the laser-produced
plasma (LPP) using the 10 J laser on a Ti foil.
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Intensity profiles across the width of the images were taken. These energy
calibrated intensity profiles are shown together in Fig. 6.22. The magnitudes
of each signal have been scaled arbitrarily to best present their features. In the
4800 eV−4950 eV energy range, the Ti LPP spectrum (green trace) displays peaks
that match well with the collected scattered signal from the cold carbon target
(red trace). This is interesting as carbon (neutral or charged) should have no
lines in this region in either 1st or 2nd order reflections from the HAPG optic
[112]. This reflection order distinction is important as the scatter IP was unfil-
tered, and the HAPG was aligned to collect a 4.75 keV signal in 2nd order mean-
ing lower energies, around 2.38 keV , can also be collected in 1st order.
Figure 6.22: COBRA shot 3300 intensity profiles. It is suspected that the spectral
features found at energies larger than 4750 eV consists of tungsten M-shell ra-
diation reflected in 1st order, due to the presence of tungsten in the collimating
snout.
It is suspected that the collimating snout, which was made of an alloy con-
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sisting of roughly 90% W, 6% Ni, and 4% Cu was somehow heated due to its
close proximity to the target in both the alignment shot using the LPP and the
actual scattering experiment. These lines are thought to be from tungsten M-
shell transitions being reflected in 1st order by the HAPG optic [112].
At lower energies, both the scattered spectrum and the Ti LPP spectrum dis-
play peaks that align well with the Ti Heα probe spectrum from the hybrid pinch
(blue trace). The LPP signal displays a feature that appears to align with the res-
onance line of the probe spectrum near 4.75 keV . The carbon scattered spectrum
also shares this feature along with features that align well with the intercombi-
nation and Li-like satellite lines. The expected Compton shift for any inelastic
signal is approximately 70 eV , which agrees well with the location of a feature
found near 4.68 keV indicated in Fig. 6.22. The large continuum slope that this
signal is sitting on makes detailed analysis all but impossible.
The mere presence of a signal at the probe energy indicates a large elastic
contribution from the tightly bound electrons in the carbon sample. This is cer-
tainly possible as the scatter k-vector value was 4.29 Å−1 and carbon does have
reciprocal lattice vectors near 4.01 Å−1 and 4.68 Å−1. Though the uncertainty in
backscattering angle is much smaller due to mechanical tolerances in the design,
the graphite foil is assumed to have a large mosaic structure which means the
peaks associated with an S ii function could potentially be quite broad. A single
atom of carbon has 4 valence electrons. When found in a hexagonal structure
as in graphite, 3 of those valence electrons participate in strong bonding with
neighboring atoms, leaving 1 electron free [113]. With elastic scattering origi-
nating from 5 bound electrons and inelastic scattering originating from 1 free
electron, it is not difficult to imagine that a small value of S ii(k) could dramati-
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cally increase the relative intensity of the elastic signal to that of the inelastic.
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CHAPTER 7
CONCLUSIONS
The experiment and results discussed in the previous chapter should serve as
a proof-of-principle for any future attempts at x-pinch based XRTS on heated
or compressed materials on COBRA. To date, the only results able to be cleanly
collected were from the FXRTS setup involving scattering from undriven, cold
aluminum foil, though not for lack of trying.
7.1 Background Limitations
The DXRTS experiments, which were more akin to the original experiments
of Glenzer in that the target was placed in close proximity to the hybrid x-
pinch source, have mostly resulted in high background noise levels on the
image plates rendering any scattering results unrecoverable. Even the FXRTS
experiments were sometimes plagued by high levels of background radiation.
However, the IP detectors were most susceptible to background noise inside
the main COBRA chamber, where electron-beam-induced x-rays from insulator
stack breakdown in the COBRA adder region and/or from x-pinch gap forma-
tion were more difficult to shield.
A TR-type IP, which was functioning as the scatter IP on one such experi-
ment, is shown in Fig. 7.1(a). This particular IP had no direct view of the x-pinch
and was shielded on all sides by multiple layers of 250 µm thick Pb tape. The
PSL levels across the entire IP appear to be quite uniform, with a slight gradient
moving from left to right. A histogram was computed based on the levels inside
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the region indicated by the black outline. The result is plotted in Fig. 7.1(b). The
histogram shows a peak near 2 mPS L. The reader should recall from Sec. 6.3 that
the average scattered signal intensity was ∼ 1 mPS L (about 6000 16-bit grayscale
level) with background levels around 0.8 mPS L (about 70 16-bit grayscale level).
Figure 7.1: Background level analysis: (a) An IP displaying a fairly uniform and
high-level background. (b) A histogram computed based on the pixels inside
the black square.
It was found during the course of the experiments that the background in-
tensity levels could be partially lowered by a careful cleaning of the insulator
rings inside the COBRA vacuum adder region. During each shot, impurities
are coated onto every surface inside the vacuum region. If enough of these
impurities build up on the surface of an insulator that typically holds off volt-
ages of order 100 kV , breakdowns will eventually occur which will produce
Brehmsstrahlung radiation that can permeate many layers of shielding, depend-
ing on the thickness and material.
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7.2 X-pinch Uncertainty
The x-pinch is a highly empirical device, prone to multiple pinches and, in the
case of the hybrid x-pinch, sometimes explosively damaging to nearby optics
and/or detectors. Hybrid x-pinch reproducibility has also been observed to be
slightly worse than that of standard 2-wire and nested x-pinches [58]. The major
selling point is their ease of setup.
In Fig. 7.2, two different COBRA shots are compared that utilized a 140 µm
Ti hybrid x-pinch as the main load. Both x-pinches used gap setting of 2 mm
between the hybrid electrodes. The load current for 3303 appears to have a
slightly faster rise time, peaking roughly 5 ns before 3305, which could indicate
a slightly lower load impedance for that case. The PCD signal for 3303 shows 3
peaks: one at 60 ns and two near 102 − 105 ns.
Figure 7.2: COBRA shot 3305 vs. COBRA shot 3303. Despite the initial setups
being as identical as possible, the x-pinch burst results are very different.
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A multiple burst x-pinch can produce problems for an XRTS experiment.
Ideally, a single hotspot burst would yield the best results. Generally, an x-
pinch can re-pinch after the first pinch if the linear mass of the wire is too low.
However, if the linear mass is too high, the relatively large amount of “colder”
material surrounding the hotspot that does not participate in the pinch could act
to absorb many of the photons produced during the burst. Reference [57] pro-
vides detailed tables of linear mass and hybrid x-pinch results for experiments
on both COBRA and XP.
If two or more hotspots occur in the x-pinch, temporally and spatially seper-
ated, the experiment could suffer from the lack of time resolution and, depend-
ing on the optical setup, the lack of spatial resolution. Any overlapping scat-
tered signals collected would be impossible to deconvolve. Gated detectors
could overcome this limitation in theory, but currently the x-pinch has a large
uncertainty (∼ ±5 ns) as far as initial burst timing is concerned, which has em-
pirically been determined to be a function of the linear mass of the wire and
the rise time of the pulsed power driver [48]. The temporal uncertainty in burst
timing may also affect future attempts at scattering from fast phenomena, such
as shocks in a dense plasma [9].
As mentioned before in the introduction, one of the large experimental un-
certainties is how well (and where) the fine wire makes contact between the
electrodes. A few scenarios for wire contact through the hybrid electrodes are
presented in Fig. 7.3. During each shot involving a hybrid x-pinch it was at-
tempted to pull the fine wire taunt until the Pb weight caught at the base of the
cathode and secure the free end at the anode with tape. Despite this, it is still
uncertain how the wire might reposition itself (if at all) during vacuum com-
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Figure 7.3: Hybrid x-pinch wire scenarios: (a) The fine wire is pulled taunt
through the hybrid electrodes at a slight angle from top to bottown making
contact only near the ends. (b) The wire is twisted and bent through the hy-
brid electrodes making electrical contact at multiple points. (c) The wire makes
contact fully along a single side of each hybrid electrode.
pression of the anode-cathode gap between the hybrid electrodes, which has
been estimated to be about 100 µm [114]. Figure 7.3(b) is one possibility. If a wire
is making contact fully along the inside of the hybrid electrode as in Fig. 7.3(c),
this could potentially lead to a lower initial inductance and faster rising current
pulse similar to the current trace for COBRA shot 3303 in Fig. 7.2.
7.3 Thoughts on Direct Scattering
A direct XRTS experiment is attractive for a few reasons. First, the solid angle
that the target subtends can be increased by many orders of magnitude, result-
ing in more probe photons delivered to the target. This, of course, leads to more
scattered photons and, hopefully, more collected photons. Secondly, since the
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hybrid x-pinch is driven in the main current path of COBRA, if the target were
placed near the source in a direct setup, it could potentially be heated and/or
compressed by including it in the return current path in series with the load.
Of course this setup could negatively impact the source itself if the inductance
of the target became too large and hindered current flow before the x-pinch ac-
tually pinched. An independent current driver, such as provided by a small
capacitor discharge circuit capable of storing ∼ 100 J, can provide the highest
degree of freedom with the scattering experiment as far as timing is concerned.
This type of driver can still deliver enough energy to completely vaporize a thin
foil target or wire, which for the 20 µm Al foil target used in the FXRTS experi-
ments amounted to approximately 20 J.
The results discussed in Sec. 6.4.2 showed that the collimating snout used in
the DXRTS setup could potentially produce line radiation and continuum that
would be mixed with the scattered signal. This problem could be remedied in
two ways. Obviously, filtering the IP such that only the spectra from a 2nd order
reflection (and higher) could be transmitted is the easiest way to eliminate some
of the radiation. Moving the snout further away from the target so that it has
less chance to be heated is also an option. This does open the field of view of
the spectrometer slightly, so the pinhole at the end of the snout would have to
be made slightly smaller to compensate.
In closing, the x-pinch is a remarkable pulsed-power x-ray source which has
been applied to x-ray imaging, absorption, and now, x-ray Thomson scattering.
Though only scattering results from cold targets were observed, this diagnos-
tic does have potential for further interesting development within the pulsed
power community as this diagnostic can provide information in high-density
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systems where others cannot. In the author’s opinion, the key to this is fur-
ther development of the hybrid x-pinch source itself and the mitigation of high
background levels. The kJ-class lasers currently used for XRTS experiments are
unmatched in the realm of timing and reproducibility. The hybrid x-pinch may
never reach this level of reproducibility, but the x-ray output-to-cost benefits are
enormous in comparison.
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APPENDIX A
PLASMA PARAMETER SPACE
Two important energies to consider in a plasma of electron density ne and elec-
tron temperature Te are the Coulomb interaction energy and the thermal or ki-
netic energy. The Coulomb energy per electron within a unit volume can be
determined by:
Ec =
q2
4pi0rws
(A.1)
where 0 is the permittivity of free space (≈ 8.85×10−12 F/m), q is the elementary
charge (≈ 1.6 × 10−19 C) and rws is the so called Wigner-Seitz (or ion-sphere)
radius defined as:
rws =
(
4pine
3
)−1/3
(A.2)
The thermal energy of an electron with 3 degrees of freedom at temperature Te
is defined as
Ek =
3
2
kBTe ∼ kBTe (A.3)
with kB being the Boltzmann constant (≈ 1.38 × 10−23J/K). The ratio of these
energy values is known as the electron-electron coupling constant [115]:
Γee =
Ec
Ek
=
q2
4pi0kBTe
1
(3/4pine)1/3
(A.4)
Knowing the value of Γee can be helpful when attempting to simplify certain
calculations and, more importantly, when determining which aspects of physics
cannot be neglected in the calculation. A plasma parameter space plot is pre-
sented in Fig. A.1 with divisions determined by Γee’s value relative to unity.
The white region where Γee << 1 is considered the “ideal” plasma regime
where the effects of Coulomb coupling can be safely ignored and thermal effects
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Figure A.1: Plasma parameter space.
are dominant. The majority of the plasmas created by the pulsed power drivers
in LPS are within this regime during the time of interest. These include implod-
ing z-pinch plasmas and gas puff work [20, 116]. Plasmas in the blue region
(Γee < 1) are considered weakly coupled. Plasmas with parameters falling in the
red region (Γee ≥ 1) are considered strongly coupled or non-ideal. Here, the effects
of Coulomb collisions dominate the plasma dynamics [117].
The hatched area in Fig. A.1 indicates Fermi-degenerate matter, where quan-
tum mechanical effects play a strong role. Here, the value of Γee must be calcu-
lated by replacing the thermal energy with the Fermi energy, defined as
E f =
~2(3pi2ne)2/3
2me
(A.5)
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The conduction electrons within a metal lattice are an example of a strongly
coupled, Fermi-degenerate system. An important aspect of a Fermi-degenerate
system is that the electron velocity distribution will not follow a “classical”
Maxwell-Boltzmann distribution whose width is determined by temperature,
but by a Fermi-Dirac distribution whose width is determined by density [68].
Warm dense matter (WDM) is a relatively ill-defined material state with den-
sities ranging from 0.01 − 100.0 g/cm3 and temperatures from 0.1 − 100 eV , in-
dicated by the yellow ellipse in Fig. A.1. In general, this describes a material
that is too hot to be described by solid-state physics where the average electron
temperature is of order 0.01 eV and the density is too high to ignore Coulomb
effects or, in degenerate cases, quantum mechanical effects [118]. An example
of a pulsed power produced WDM plasma is the cold core of a current driven
exploding wire [53].
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APPENDIX B
SPECT3D MODELING
The cold scattering results collected were analyzed using SPECT3D. SPECT3D
works by computing the scattered radiation incident on a detector by solving
the radiation transfer equation along a number of lines of sight (LOS) through
a plasma grid target based on the impinging radiation from an x-ray source
[95]. The density and temperature target grid can be time-varying or static. The
scattering cross section is computed at each grid based on the local conditions
and then accounted for in the radiation transfer.
B.1 Target
A subprogram called Plasma Grid Generator included with SPECT3D was used to
create a 1D planar (slab) representation of the Al target for use in the XRTS code,
shown in Fig. B.1. The target was initialized at a thickness of 20µm containing
25 grid points of a uniform temperature of 25meV (293K) and uniform density
of 2.7g/cm2. This program also allows multi-dimensional targets with mutli-
ple distributions of temperature and density to be created, though this was not
needed for the analysis of the cold scattering results.
B.2 Source
The probe source spectrum can be modeled a number of ways using SPECT3D.
The simplest method is to use a preprogrammed Gaussian or Lorenztian wave-
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20µm (x-axis)
T = 293K (0.025eV)
ρ = 2.7 gcm3 (Al solid density)
Figure B.1: Simulation grid for 20µm Al foil created with Plasma Grid Generator
in SPECT3D.
form which can be modified by changing the FWHM and the intensity. The
more accurate method is to use the table input method which reads in a .dat
or .txt file containing the values of the experimental waveform. This was the
preferred method as the probe spectrum was collected on each shot. The probe
waveforms were obtained directly by taking an intensity profile (or “lineout”)
(a 1-D reading of position and intensity) along the dispersive direction of the IP
which collected the probe spectrum for each shot. The x-position values were
then converted to the known energy values of the Ti Heα spectrum and fed into
the table. An example of a lineout is shown in Fig. B.2.
B.3 Scattering Angles
Backscattering angles are set within the SPECT3D program by relative position-
ing of the detector and the source which can be independently positioned by
the user, with the assumption that the target is centered at (0, 0, 0). For these
simulations, the source was placed on the x-axis at a position of 0.01cm away
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Figure B.2: An example of an intensity profile (“lineout”). The grayscale inten-
sity values along the blue dashed line are plotted against their position values.
from the target. The detector was positioned 4cm away along the z-axis. The
backscattering angle was set for each simulation by shifting the detector along
the positive x-axis a given amount until the proper angle was reached. The tar-
get has finite dimension (20µm) along the x-axis and considered infinite in the y
and z planes. The infinite dimensions are limited by computational bounds set
by the user, e.g. −200µm ≤ y ≤ 200µm. The bounds can be further restricted in
the simulation by adding apertures.
xˆ
zˆ
θs
xdet
zdet
Figure B.3: SPECT3D scattering geometry example. The source (orange ball) is
placed on the x-axis. The scattering angle is set by the xdet and zdet placement
of the detector which always faces (0, 0). The target (blue) is shown with 3 grid
regions. The target is scaled for clarity.
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